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SUMMARY 


Dttroic DitstL Alllton (DOA) completed the Propuleion Study for Smell Irene* 
port Aircreft Technology (STAT) for the Netionel Aeroneutice end Spece Admin* 
ietretion (NASA) Lewie Reeeerch Center (LeRC)« under Contrect MAS3*2199S. 


Thie etudy defined the future reeeerch end technology ef forte thet ere moet 
eppropriete for propuleion eyeteme for the nest generetion of emell, ehort* 
heul type treneport eircreft enticipeted for the 1990 time freme, elong with 
their expected benefite. 


The propuleion requiremente for the STAT eircreft were beeed on etudiee con* 
ducted by the NASA Aeme Reeeerch Center end Lockheed Celifornie Compeny (LCC)* 
The tt«o reference eircreft were eech 50*peeeenger, twin*engine turboprop 
treneporte deeigned for 1111.2 km (600 nm) renge with reeervee. Thu NASA Abmc 
eirplene cruieed et 0.47 M{( with en initial eltitude cepebility of 6278.9 m 
(20,600 ft). The LCC eirplene cruieed et 0.7 Mj^ with 10,973 m (36,000 ft) 
initiel eltitude cepebility. Typicel cruiee eltitudee for minimum direct op* 
ereting coet (DOC) for the everegc route eegment of 185.2 km (100 nm) wee 3048 
m (10,000 ft) end 4572 m (15,000 ft), respectively, ec design Hech number. A 
brief summery of edditionel eircreft cherecteristice follows: 


Teke*o££ groes weight (T0GW)**kg (Ibm) 
Teke*o£f distence**m (£t) 

Power per ei^ine**kW (ehp) 


Low speed 
eircre£t 

17,927 (39,523) 

1,219 (4,000) 

1,767 (2,369) 


High Speed 
eircre£t 

18,291 (40,325) 

1,219 (4,000) 

3,573 (4,790) 


Sensitivity etudiee were conducted on both o£ these eircre£t to determine per* 
emetricelly the in£luence of propulsion cherecteristice on eircre£t size end 
cost. Using e dieteoce o£ 185.2 km (100 nm) end 10.264/L (tl. 00/gel) £uel, e 
lOZ chenge in the £ollowing engine peremeters produced e percentege chenge in 
eircre£t D(X) ee indicated: 


Seneifivity peremeter 


az doc 

low speed 
eircre£t 


aZ DOC 
high speed 
eircre£t 


Speci£ic fuel consumption (efc) 

Meintenence cost 

Weight 

Length, height (evg) 


3.5 

1.3 

0.3 

0.3 


4.1 

1.0 

0.3 

0.2 
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Thus, afc «nd «ngin« tMlnCtiune* coats wars datarminad to ba tha angina para** 
■atari that hava tha graatast affact on aircraft DOC« 

A typical DOC braakdown is shovn in Figura 1, which indicates that tha portion 
of DOC attributabla to fual costs is 29X at 10.264/L ($1. 00/gal) with angina 
■aintananca costs raprasanting 14X. Dapraciation and insurance costs for tha 
angina are lass than 5Z of tha total, tf fual is assusMd chargeable to tha 
angina for tha purpose of this study, tha angina's sh^ta of tha total DOC is 
48Z. If fual goes to 10.528/L (92.00/gal), tha fual cost bacoaas even oora 
doainating and drives tha angina's share to 60Z. Thus, inprovasMnt in fual 
aconony has a significant influence on DOC. 

Candidate advanced technology alasMnts (circa 1990) and design features ware 
identified and screened, and paraoMCric studies ware conducted to select an 
appropriate angina cycle. Sensitivity data ware expanded to include tha af* 
fact of angina design variables such as component efficiencies, pressure drop, 
and cooling air quantity on angina characteristics of sfc, weight, and cost. 
These sensitivities ware used with those linking tha angina characteristics to 
aircraft DOC to aid 'n tha screening process. Tha studies ware conducted at 
1790 and 3579 kW (2400 and 4800 shp) for the low spaed and high spaed air- 
plane, respectively. A pressure ratio of 20:1 and a turbine rotor inlet ten- 
parstvra (RIT) of 1506 K (2250^F) ware selected for both engines for the 
purpose of identifying technology improvement requiresiant). Tha cycle was 
selected for miniicum DOC for the 185.2 km (100 nm) route segment. 



Figure 1. Typical DOC breakdoim— high speed aircraft;— 185 km (100 ora) 

block ri ..stance. 
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Two eoneoptual •ngint dotigna woro proparod baaad on cha abova eycla and in* 
eorporating cha eandidaca STAT advancad Caehnologiaa* Tha raaulcant anginas 
ara raprasancaciva of choaa with parfotMnca lavals antieipatad for tha 1990a* 
ara eonnttar aircraft narkat. Tha angina configurations avantually salactad 
to aehiava thosa parfonsanca lavals* howavar, could dapart considarably fron 
thosa dascribad harain* 

Tha advancad STAT anginas ara sisiilar in that both hava a singla-spool gasi* 
fiar and a fraa*powar turbina with front driva* Tha snallar angina has an 
axi^l-cantrifugal coaiprassor with fiva axial stagas. Tha final staga faaturas 
a hybrid cantrifugal inpallar with a cast flow*path ring bondad to a forgad 
hub by tna hot isostatic press (HIP) process. Tha larger angina uses an all* 
axial conprassor with nine stagas. Airflow for tha two anginas is 6.35 and 
11.34 kg/s (14 and 25 pps), raspactivaly. Both anginas hava two*staga gasi* 
fiar turbines aaploying isipinganent cooling in both stagas plus tha first*vana 
staga. Both turbines hava hybrid turbina wheals with east airfoil rings that 
ara diffusion bondad to powdered sMtal hubs. Abrasive blade tips and abrad* 
able coatings ara used to provide aininua running claaranca in tha turbines. 
Turbina shafts ara fabricated of borsic*titaniua matrix composite material for 
raquxrad shaft stability with simple rotor support. Tha combustors ara trans* 
piration cooled for improved tamparatura profile and increaaad hot section 
life. 

Tha 19.1:1 reduction gear for tha smaller angina is a closa*couplad star/ 
planetary gear system mounted concentrically on the front of tha power sac* 
tion. The larger engine has an offsat*typa reduction gear with a dual com* 
pound idler gear train designed for a 10.4:1 reduction ratio. This reduction 
gear is connected to tha power output shaft via a mechanical torquemetar. 

Both reduction gear cases employ a composite material. 

The control and fuel systems for both STAT engines are configured to use an 
advanced digital electronic controller. An angina condition monitoring system 
is employed to gather data for component life usage and to assist in fault 
detection and isolation procedures so that corrective action can be planned to 
prevent failures. Modular construction is aoiployed for both engines. 

A benefit analysis was conducted comparing tha advanced STAT engines with cur* 
rent technology engines as wall as with hypothetical 1985 technology derive* 
tiva engines. In tha high spaed airplane, tha derivative angina was 3 to 4Z 
batter in DOC than tha currant technology engine for the average block dis- 
tance of 185.2 km (100 nm). Also, tha advancad STAT engine improved 15 to 16Z 
in DOC compared to currant technology. These results apply for fuel costs 
from iO.264 to 60.396/1 (61.00 to 6l. 50/gal). Fuel consumption was reduced 
llZ with tha derivative engine and 23Z for the advanced STAT engine. Corres- 
ponding benefits in tha low spaed airplane ware similar but with slightly low- 
er improvesMnt parcentagas, i.a., 13 to 14Z improvement in DOC over currant 
technology and 20Z reduction in fuel consumption for the advanced STAT engine. 

Research and development prograaM necessary to advance the state of the art 
for engine components, and an experimental engine program to provide basic 
operating data on the advanced technology elements and design features, were 
planned to achieve a 1988 data for readiness to release for full cosBercial 
deva lopment . 
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INTRODUCTION 


The increasing need for newer, nore efficient aircraft for specialised short- 
haul sectors of the transportation market has been generated by unprecedented 
growth in consniter traffic operations* Improved accoanodations for the pas- 
senger and his baggage, similar to those of the oiajor trunk line operations, 
are needed. Ride quality and sound levels that are customary for large, long- 
range aircraft are desired* To accomplish these goals requires a small cosi- 
muter transport that is efficient in terms of fuel usage* The need for re- 
duced fuel consumption has never been greater because of its rapidly rising 
price and decreasing availability* Reduced maintenance, which contributes 
significantly to lower operating costs and itsproved on-time performance, is 
also an important objective* 

NASA LeRC sponsored the Propulsion Study for STAT re{»orted herein* This study 
attempts to identify the advanced propulsion technology that is appropriate 
for the smaller short-haul type of aircraft* "Appropriate" technology is that 
which results in reductions in DCXJ, fuel usage, or total cost of ownership 
(TCO) size, cost, and maintenance coat for the power output required* 

The study was divided into three basic tasks: 

o Task I — Baseline Airplane, Engine, and Mission Definitions 
o Task II — Advanced Technology Identification and Evaluation 
o Task III— Recommendations for Future Research 

Note: "Engine" as used in this report denotes power section plus reduction 

gearbox. Also note specific fuel consumption (SFC) is equivalent to brake 
specific fuel consumption (BSFC)* 
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BASELINE AIRPLANE AND MISSIONS 


Thtt obJ«ctiv« of Task I was to daflna two SO^paasengar baaallna cownutar air** 
craft raprasaatiag tachoology for 1980 initial oparatlon* Ona of thasa air* 
craft was low spaad, but with at laast 463 ks/h (250 kt) indicatad air spaad 
(IAS) capability at 3048 m (10,000 ft) altituda, and tha othar high spaed with 
0«7-M)( cruise capability* Tha airplanes use turboprop propulsion systems, 
also of 1980 initial operation capability (IOC) technology* 

Rafaranca aircraft data conforming to NASA aircraft and mission specifications 
and guidelines for economic calculations was obtained* Low spaed aircraft 
data was provided by NASA Ames* The high speed aircraft infozmatlon tias fur-^ 
nlshed by Lockheed California Company (LCC), and was generated as a part of 
their STAT contract with NASA Ames* Details of the airplane requirements and 
the configuration will be discussed in the following paragraphs* 

Hypothetical turboprop engines representing existing modern production tech- 
nology 1900 IOC, along with appropriate scaling relationships over tte horse- 
power range of interest are also defined and diacuaaed in the subsequent sec- 
tion on Baseline Engines* 

A computerized aircraft sizing, mission, and economic model was developed by 
DDA to accept the reference aircraft data provided by NASA Ames and LCC* The 
model is described, and the aircraft system sensitivity to engine parameters 
is presented in paragraphs on Aircraft Sizing and Cost Model, and Aircraft 
System Sensitivity to Engine Parameters* 

MISSION REQUIREMENTS 

The baseline missions conform to the following performance requirements: 

o Full design payload is carried over a range of 1111 km (600 nm) with IFR 
reserves for a 185*2 km (100 nm) alternate, and 45 min at maximum endur- 
ance power at 3048 m (10,000 ft) altitude* 
o Field length is limited to 1219 m (4,000 ft) for a hot day 306 k (90"F) at 
sea level, per FAR 25* 

o Aircraft meets current FAR 36 Stage 3 noise limits, minus 8 EPNdB at all 
measureoient locations* 

o Cruise speed capability is at least 463 km/h (250 kt) indicated airspeed 
at 1829-3048 m (6,000-10,000 ft) altitudes, standard day conditions for 
the low speed airplane, and 0*7 Mu for the high speed airplane* 
o A terminal area speed capability is at least 334 km/h (180 kt) Indicated 
airspeed with gear and flaps extended in order to stay with large Jet alr- 
craf t • 

o Stall speed is less than 172 km/h (93 kt) in landing configuration at max- 
imum landing weight in order to qualify for operations in Instrument Ap- 
proach Category B aircraft requirements* 

The mission profile shown in Figure 2 describes the features of the design and 
alternate missions used in the STAT study* The airplane objective was to 
carry 50 passengers, which was equated to 4536 kg (10,000 Ibm) payload* Baals 
for speclHcation of the mission segments is described herein* 
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Figure 2. -* Mission requiremenCs. 


A fuel allowance of 1 minute at maximum rated power was selected as represen- 
tative of fuel usage for the take-off* All descents were assumed zero fuel 
and zero time segments* 

The climb path was important in establishing mission fuel usage, block veloci- 
ty, and block time, because climb distance constituted a substantial part of 
the stage length* Its selection has a direct bearing on DOC. Accordingly, a 
study was done to select a suitable climb path for each reference aircraft* 
Several constant IAS climbs were flown with each aircraft, and the resulting 
mission capabilities and DOC were examined* Climb speed could be no hi^er 
than 463 km/h (250 kt) IAS below 3048 m (10,000 ft) altitude. The climb speed 
selected for the LCC aircraft was a constant 417 km/h (225 kc) IAS, and for 
the NASA Ames aircraft, a 370 km/h (200 kt) IAS constant climb speed* These 
climb speed selections contributed a substantial DOC saving, and also provided 
terminal Mach numbers at the cruise altitude that closely matched the desired 
cruise Mach numbers* 

The design mission stage length (climb plus cruise) was specified at 1111 km 
(600 nm) by NASA to represent typical conmuiter requirements* This range con- 
stituted the design range for sizing the aircraft* An alternate stage length 
of 182 km (100 nm) was used to examine the OOC implications of STAT engine 
technology with the sized airplane* The alternate stage length mission was 
exercised with full fuel load and payload at take-off; i.e. , at design TOGW* 
The cruise altitude for the alternate stage length was optimized to obtain 
minimum DOC within the constraint that the cruise leg was at least half the 
climb-cruise stage length* 
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Additional nisaion segments were used to determine the fuel reserves necessary 
to meet the NASA specified alternate field capability* They were a take'^fft 
climb, and IFR cruise at 3048 m (10,000 ft) altitude, maximum range speed for 
182 km (100 nm) , and a 4S'*min endurance at the same altitude at maximum endur~ 
ance speed* (See details in Figure 2*) 

Engine sizing conditions specified for the study were at take~off and the 
initial cruise point* A take-off and landing field length limit of 1219 m 
(4000 ft) was required on a +32*C (♦90"F) day, and a 1*52 m/s (300 ft/min) 
minimum rate-of-climb was required at the initial cruise point with the engine 
at maximum continuous power* 

BASELINE AIRPLANES 

The baseline aircraft were required to utilize scaled versions of existing 
turboprop engines or notational turboprop engines representing existing, mod- 
ern designs* They were also required to provide the following accommodation 
features: 


o Weight per passenger plus baggage 

o Weight Pd^ crew member 

o Weight per flight attendant 

o Minimum interior aisle hei^t 

o Mininum seat pitch 

o Minimum seat width between armrests 

o Minimum aisle width 

o Pre loaded baggage storage volume 
per passenger 

o Carry-on baggage storage volume 
per passenger 

o Garment hanging storage width 
per passenger 

o One lavoratory 

o Minimum cabin pressurization 

o Maximum cabin interior noise level 
less than 85 db OASPL 


SI Units 
90.7 kg 
90.7 kg 
59.0 kg 
1.9 m 
813 mm 
457 mm 
457 mm 

0.14 m3 

508 mm x 508 mm 
X 279 mm 

20 mm 


Customary 

Units 

200 Ibm 

200 Ibm 

130 Ibm 

6 ft 

32 in* 

18 in* 

18 in* 

5 ft3 

20 in* X 20 in* 
X 11 in* 

0*8 in* 


34.5 kPa 5 psi 


o Speech interference level of 
less than 65 db 
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Air£raa« design life wee required Co be ec least 30,000 h with 60,000 take* 
off'^land cycles* 

Physical characteristics of the low speed Ames aircraft and the high speed LCC 
aircraft are presented in Table I. 


TABLE I. - BASELIHE AIRCRAFT PHYSICAL CHARACTERISTICS 


Low speed High speed 


Data source 

NASA-Ames 

LCC 

Design TOGW— kg (Ibm) 

17,927 (39,523) 

18,291 (40,325) 

Payload— kg (Ibm) 

4536 (10,000) 

4536 (10,000) 

Fuel load— kg (Ibm) 

1731 (3817) 

1905 (4200) 

OEH— kg (Ibm) 

11,660 (25,706) 

11,850 (26,125) 

Wing 

Span — m (ft) 

25.4 (83.2) 

21.6 (71.0) 

Area— m^ (ft^) 

61.19 (658.7) 

46.8 (504) 

Taper 

0.3 

0.3 

1/4 C sweep — deg 

5.0 

5.38 

AR 

10.5 

10.0 

Loading— kPa (ib/ft^) 

2.87 (60.0) 

3.83 (80.0) 

Fuselage 

Length— m (ft) 

22.8 (74.8) 

22.8 (74.7) 

Diameter— m (ft) 

2.74 (9.00) 

2.89 (9.50) 

Horizontal tail 

Span— m (ft) 

11.38 (37.35) 

7.181 (23.56) 

Area— m^ (ft^) 

25.92 (279.0) 

7.733 (83.24) 

Vertical tail 

Span— m (ft) 

6.300 (20.67) 

3.514 (11.53) 

Area— m^ (ft^) 

24.81 (267.0) 

6.172 (66.43) 

Propeller 

No. blades 

4 

4 

Diameter~~m (ft) 

4.51 (14.8) 

3.66 (12. 0) 


Performance capability, aerodynamics, and economic characteristics of both 
airplanes as used in this study are presented in Table II. This data was 
obtained from the results of the STAT studies at NASA-Ames and Lockheed where 
engines of the appropriate power class were scaled to specific propulsion re~* 
quirements. 

Figure 3 shows the relationship of the baseline airplanes' characteristics to 
those of several contemporary transport aircraft types. The study vehicles 
are appropriately placed at the high speed border of the existing commuter 
equipaient, and also provide a higher speed option that will elevate conmuter 
equipment into a performance category competitive with corporate jet aircraft. 
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TABLE 11. - BASELINE AlRCBAn AERODYNAMIC AND ECONOMIC CHABACIERISTICS 


Data aourca 
Oaalgn raage~ka (na) 

Po:far par anglna~kW (ahp) 

Crulaa Mach number 

Initial crulaa altltuda**^ (ft) 

L/D at Initial crulaa 
Lift coafflclant at crulaa 
Englne'~out aarvlca celllng'~"Hi (ft) 
Taka*off dlatanca'~ii (ft) 

Approach spaad-Hca/h (kt) EAS 
Landing dlatanca~m (ft) 

Aircraft flyauay coat~'~1979 dollars 
Operating cost* at 1111 ka (600 na) 
Operating cost* at 185 ka (100 na) 

*Measured In d/seat ka (d/seat na) ' 


Low speed 

High spaed 

NASA-Aaas 

LCC 

nil (600) 

nil (600) 

1767 (2369) 

3573 (4792) 

0.47 

0.7 

6096 (20.000) 

10,668 (35,000) 

14.9 

18.8 

0.45 

0.49 

4998.7 (16,400) 

7132.3 (23,400) 

1219 (4000) 

1218 (3995) 

209 (113) 

204 (110) 

1219 (4000) 

1218 (3997) 

4,650,000 

4,400,000 

2.73 (5.06) 

2.30 (4.26) 

3.82 (7.08) 

4.92 (9.11) 


fuel cost * iO.264/1 (il.OO/gal) 


1-0. 
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Figure 3. ~ STAT Propulalon study baseline aircraft. 
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BASELINE ENGINES 


The most representative DDA current technology turboshaft engine over 746 kW 
(1000 hp), for conversion to turboprop applications! is the Model XT70l**A0* 

700. This engine is a free turbine turboshaft that was developed through 
safety demonstration testing for the US Army's Heavy Lift Helicopter (HLH) 
program. This program was cancelled by the Army in December 1975, but bad it 
continued through complete development for the HLH, it would have been oper~ 
ational in the early 1980s. DDA continued the engine development as a com* 
pany**funded effort, directed toward Industrial applications. The industrial 
version of the engine is designated the Model S70-K. It went into production 

V in early 1979. 

► 

The turboprop engine that was derived from the Model XT701 power section is 
shown in Figure 4. It was designated the Model EDSIO^SI turboprop engine, and 
was derived during earlier Maritime Patrol Aircraft (MPA) engine studies for 
the Navy, where it also represented a low risk, current technology approach 
for application to that aircraft system. The speed reduction gearbox for the 
propeller was based on a standard TS6 current production unit. 

The Lockheed STAT short haul study was being conducted slmultcueously with the 
advanced technology propulsion system studies at DDA, Garrett, and General 
Electric. To define an appropriate scalable baseline engine, and to ensure a 
degree of consistency with the engine technology studies, DDA, Garrett, and GE 
were asked by Lockheed to recommend a baseline engine for each of the Lockheed 
study aircraft and to provide scalable performance for the recommended engines. 


Mo<kl P0370-37 
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Figure 4. - Baseline turboprop engine 


DDA tnd the other engine menufecturere responded with the engines described in 
Table 111. In general, the list represented the latest turboprop engine each 
manufacturer had to offer* 


TABLE III. - ENGINE MANUFACTURER-RECOMMENDED BASELINE ENGINES 


Cn9lnt 

MitufKturtr 

Notfti 

tWQlUt 

Rating.- 
kN (the) 


CoMeents 

AltUofl 

P0370»37 

6301 (8450) 

Proooted turboprop vertion of Model 
n<n«AI>-7U0 HLH engine developed 
tproegh PPFRT (cenceMed 197$). 

Now In sutlonery powerpUnt um. 

Scaling corrections pro video 
to Kale engine to Up) ku 
(2000 np) range 

G«mtt 

*t?£331-U 

745.7 (1000) 

Production engine, latest In 
m faelly. 

Scaling corrections provided 
to Kale engine to cd37 kd 
(3000 Itp) 


CT7-2 

1118.6 (1500) 

Proposed turboprop version of T700 
turbothift engine (prellelneiy dau). 



CT«4-820-4 

2339 (3137) 

Production engine (1960 vintage). 


PM CiiMda 

None 



Only provided acquisition ana 
Mlntenanct cost estlsiates 


Estimates of engine power class required for the 30 and SO passenger baseline 
aircraft were 1491 kW (2000 hp) and 2983 kW (4000 hp) , respectively. Since 
none of the recommended engines was of these sizes, scaling corrections were 
i-equired to match engine power capability with aircraft thrust requirements. 
DOA and Garrett provided estimates for scaling corrections of the recommended 
powerplants. 

Scaling equations that scaled characteristics down to engine sizes of approxi- 
mately 1119 to 1491 kW (1500 to 2000 hp), were generated and keyed to the 
PD370-37. These equations represent technology trends and not scaling rela- 
tions for a specific engine configuration. 

The baseline scaled engine performance, weight, geometry, and cost data were 
based on a synthesis of the recommended engine data and scaling corrections. 
The following paragraphs describe the basis for establishing the baseline en- 
gine definitions. 

Figure 5 presents the sea level static (SLS) uninstalled engine brake sfc for 
existing production turboprop engines as a function of rated horsepower. The 
performance level of the recommended engines is included. On the basis of 
this data, a baseline engine performance trend was established (i.e., dashed 
line on the figure). The sfc level of the engines in the two power classes 
are noted. 
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Figure 5* * SFC versus rated power. 


Figure 6 presents the engine power~tO‘-weight ratios for the baseline engines 
and for other production engines. The selected trend of horsepower to weight 
ratio with rated power, as well as the values chosen for the 30 and 30 PAX 
aircraft engine power classes, are noted. 


Similarly, Figures 7 through 9 present the baselire trend established for en- 
gine length, overall envelope width, and overall ei velope height, respective- 
ly, based upon the recommended and existing production engines. It is assumed 
that engine-mounted accessories are located in the horizontal plane. 

DDA, Garrett, GE, and P&W of Canada were asked by Lockheed to define engine 
(including gearbox) acquisition and maintenance cost estimates (1979 dollars) 
as a function of engine-rated horsepower for engines representative of today's 
technology and design practices. Figure 10 presents the estimated acquisition 
cost in terms of dollars per horsepower. Ground rules included the assump- 
tions that the gearbox price was included, and that the engine was mature. The 
reconmended baseline trend is shown as the dashed line. Costs are assumed 
representative of OEM levels. Similarly, the burdened maintenance cost esti- 
mates and selected base-lines for the aircraft are shown in Figure 11. 
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SLS wfdpewtr- ri ip 

TE80>2044A 

Figure 6. ~ Engine power'to-weighc ratio versua rated power. 


t The variations in engine performance, weight, geometry, and economic trends 

with size are quantified in equation form, and are tabulated in Table IV. 

These equations were used to define the principal characteristics of existing 
turboprop propulsion systems in the 745.7- to 5965.6 kW (1000- to 8000 hp) 
range. These scaling data, applied to the Model P0370-37, were used to define 
baseline engine characteristics for evaluation of advanced propulsion system 
technologies, 
i 

AIRCRAFT SIZING AND COST MODEL 

t This section presents the following items: 

i 

o Overview of the STAT mission analysis computer program 
o Engine/airframe sizing philosophy 
o Cost model 

o Results from Task I mission studies 

1 
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Figure 7. - 

Engine length coaparison. 


TABLE IV. - STAT SHORT HAUL BASELINE ENGINE MODEL 

Synthesis of existing engine characteristics 
representative of today's technology and design practices. 


Characteristic 

SI Units 

Customary Uni 

Engine BSFC--Mg/W*s (Ib/hr-hp) 
including gearbox loss 

196.32 

1.200 8hp°*^^ 

Weight — kg (lb) 
Ensine 

6.505 kw0*5^ 

12. 2A shp0*54 
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Figure 8. " Engine max envelope width. 


TABLE IV. 

(CONT) 


Characteristic 

SI Units 

Customary Units 

Geometry— m (in.) 

Length— prop mount flange to 
rear engine flange 
Max envelope height 
Max envelope width 

0.4746 kw0‘21 

0.10225 kw0*26 
0.4680 kw0»0^ 

17.57 shp0*21 

3.73 shp0*26 
18.21 shpO‘0^ 

OEM acquisition cost (1979 i) 
Engine 

1463.8 kwO*^ 

1192 shp0»7 

Maintenance cost (1979 l/flight hour) 
Engine 

0.2949 kw0*66 

0.243 shp0*66 


•hp**'^ngine mex reted power, SLS, etenderd day. 

BSFC~«ngine brake specific fuel conauiiq>tioo at max rated power, SLS standard 
day. Assumes exhaust noazle area sized for turboprop application. 
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Figure 9* " Engine mex envelope height. 


Overview of STAT Mieoion Progren 

Input, major calculation functions, end output of the STAT mission program 
have been generalized in the block diagraai shotm in Figure 12. Mission re^ 
quirements, aircraft, and engine data are used in the engine/airframe sizing 
calculations to determine the exact engine/aircraft size combination that will 
meet the specified mission requirements. Ths resultant aircraft, mission fuel 
and time data, plus input economic criteria are used in the cost routine to 
calculate the required cost parameters. 

Enxine/Airframe Sizing 

A general flow diagram of *;^e eng ine/air frame sizing procedure used in the 
STAT study is shown in Fi.^uru 13. 

Definition of Che mission requirements, baseline or reference aircraft char~ 
acteristics, and unity size engine data constitutes the first step in the pro- 
cedure. Mission range, speed, and payload must be specified along with the 
airframe critical propulsion requirements necessary to establish engine size. 
Baseline aircraft dimenzions, geometry, component weight breakdown, aerodynam- 
ics, airfrasM cost factors, and installation information must also be speci- 
fied. Unity installed ungine performance is input for chose altitudes, velo- 
cities, and power settings needed to calculate engine size and mission fuel 
usage. Engine dimensions and weight data are also required. 
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Figure 10. • Engine acquisition cost versus rated power. 


Uninstalled engine perfoiaance is adjustea to reflect appropriate installation 
effects due to inlet characteristics, aircraft services, and propeller char> 
acteristics. The installation factors used to obtain installed engine per~ 
fomance are listed in Table V. This tablr lists the propeller efficiencies 
(ep) used for take-off, climb, and cruise power conditions for all engines 
evaluateo in the STAT study. These propeller efficiencies are typical of the 
Lockheed Electra/P3 propeller performance. Inlet recovery, gearbox loss, 
bleed, and power extraction factors were also applied to all engines. 
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Figure II. ~ Engine maintenance cost versus rated power. 


TABLE V. - PROPULSION INSTALLATION CRITERIA 
Efficiencies (typical EIectra/P3 propeller) 


Propeller 

o Take-off power— thrust-to-static-shp ratio 
i)P at O.I 
i|p at 0.2 
i|p at 0.3 M)) 
o Climb power, Y|p 
o Cruise, t)p (0.7 czruise) 

o Cruise, i)p (0.5 cruise) 

Installed performance 

o Inlet recovery 
o Gearbox power loss— Z 
o Customer bleed-ppm 
o Customer power extraction— kw (shp) 


2.50 

0.26 

0.57 

0.73 

0.84 

0.81 

0.90 


1.00 

2 

0 

55.9 


(75)/engine 
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Figure 12* STAX mission program* 


The engloe/alr£rame sizing Is initiated with the selection of a **start point** 
trial vehicle gross weight* The engines are scaled to mdet the most critical 
power requirement* Scaling equations developed by Lockheed for engine tech~ 
nology trending were utilized for all engines evaluated in the DDA model* 
Baseline aircraft dimensions, geometry, and component weights are then scaled 
to correspond to the trial gross weight* The power or drag is adjusted as the 
vehicle geometry varies from the baseline as driven by propulsion influences, 
thus requiring iteration of the engine sizing power or thrust* It is noted 
that the resultant characteristics are similar to the reference aircraft, but 
modified for scale effects* The fuel available is calculated for this trial 
gross weight and compared to the fuel required to perform the design mission 
flight profile* If the fuels are not equal, a new trial gross weight is se** 
lected and the process repeated* Upon convsrgence of the fuel weight itera- 
tion (fuel available " fuel required), a complete description of the scaled 
aircraf t/engine combination is obtained* Dimensions, geometry, weight break- 
down, engine sizing data, mission time, power setting, and fuel breakdowns are 
provided for on-line cost calculations for the complete aircraft including the 
engine and airframe* 
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The previously discussed engine/eircraft results, plus Che cost essumptions 
listed in Table VI, are used with the cost equations presented in this section 
to obtain total aircraft cost (TAG), direct operating cost (OOC), and S~year 
total cost of ownership (TOO). 
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TABLE VI. 

Base year dollars 
Fuel cost— i/L ((/gal) 
Utilization— h/y 
Insurance— Z/ y 
Depreciation 


COST ASSUMPTIONS 
1979 

0.264 (1.00) and 0.396 (1.50) 
2800 
1.5 

Total flyaway price plus spares 
Co 15Z, residual in 12 years 


Spares investment— Z 

Engine 30 

Aircraft less engine 6 

Crew cost— (/(block hour x number of seats) 2.50 


Total Aircraft Cost (TAG) 


TAG is calculated as follows: 

o Engine acquisition price * 1.50 x OEM price 
o Propeller acquisition price 

■ (2653.09 X Dp2 x (Ep/Dp^)®*^^— SI units 
* (350.11 X Dp‘ X (Ep/Dp‘)®*^^— customary units 
where: Dp ■ propeller diameter— -m (ft) 

Ep ■ engine power— ——kW (shp) 
o Airframe acquisition price 
» FC ♦ PC ♦ (AFSC X AFWT) 
where: FC * Fixed costs 

(Low speed A/C) FC • (1,927,000 
(High speed A/C) FC - (1,734,000 
PC ■ Procurement costs (logistics support, product development, 
etc. ) 

(Low & High speed A/C) PC « (503,000 
AFSC *■ Airframe specific cost 

(Low speed A/C) AFSC - (254/kg ((ll5/lbm) 

(High speed A/C) AFSC - (196/kg ((89/lbm) 

AFWT “ Airframe wei^ts (fuselage, wing, vertical tail, 
horizontal tail, landing gear, and nacelle) 
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TAG “ (Engine *• Propeller * Airframe) x 1.10 

(Flyaway Price) (Acquisition Price) (Hark up) 

Direct Operating Cost (DOC) 

The elements of DOC arc fuel and oil, insurance, depreciation, crew cost, air- 
frame maintenance, and engine maintenance cost. These items are calculated as 
follows: 

o Fuel and oil) These elements were calculated 

o Insurance ) using December 1967 ATA 

o Depreciation) Standard Methods 

o Crew Cost • ^2.S/(block hour x number of seats) 

o Airfraiae maintenance costs— l/block hour 

Maintenance cost ■ 0.3685 x (Empty Wt.— kg)*^*569 x AF 
Maintenance cost • 0.235 x (EMpty Wt.— Ibm)®*^^® x AF 

Where: AF * Adjustment factor 

(Low speed A/C) AF*1.0 

(High speed A/C) AF * No. of departures/No. of departures for Che 
design stage length mission. 

Note: No. of departures * Utilization/Block time 


For design stage length mission - - - AF » 1.0 

For alternate stage length missions - - - AF > 1.0 


i.e. , stage lengths less than 1111 km (600 NM) 

o Engine maintenance costs — $/ flight hour 

engine maintenance cost ■ 80.295 x (power— kW)*^*^^ 

engine maintenance cost ■ 80.243 x (power — shp)®*^^ 

propeller maintenance cost ^ 84.15/flight hour 

Further breakdown of both airframe and engine maintenance cost used in Che 
STAT cost model is shown in Table VII. 


TABLE VII. - MAINTENANCE COST BREUdlDOWN 
Airframe Maintenance: 

Direct material cost * 0.5 x direct airframe maintenance cost 
Direct labor cost ■ 0.5 x direct airframe maintenance cost 
Burden * 0.8 x direct labor cost 

Engine (power section * gearbox propeller) maintenance: 

Direct material cost * 0.8 x direct engine maintenance cost 
Direct labor cost * 0.2 x direct engine oMintenance cost 
Burden • 0.8 x direct labor cost 
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Total Coat of Ownership (TCP) 


The total cost of ownership was defined by DDA to be the cost of financing the 
purchase of the aircraft plus the cost of operating these aircraft over a per- 
iod of 5 years* The finance rate was assumed to be lOZ* 

TCO • S-y cost of financing aircraft purchase ^ 5-y cost of operation 

TCO » (1.105-1,00) xTAC+D0CxCFxVBxUx5y 

where: TAG ■ Total aircraft cost (flyaway)~i 

DOC ■ Direct operating cost— d/seat km (seat nm) 

CF • Conversion factor (50 seats/lOO d) 

VB » Block velocity — kn/h (nm/h) 

U ■ Utilization rate— 2800 h/y 

Task I Mlsion Study Results 

Results from studies completed during the Task I effort are presented as fol- 
lows: 

o Cruise altitude selection 
o Climb path schedule 
o Rate of climb capabilities 

Cruise Altitude Selection 


The cruise altitude and Mach number used by DDA for the design stage length, 
llll*2-km (600 nm) mission were fixed at values approximate to those specified 
for the baseline aircraft* 


Low Speed Aircraft 
High Speed Aircraft 


Design Cruise Design Cruise 

Altitude (ft) Velocity (M^) 


20000 0.47 

35000 0*70 


The cruise altitudes for the off-deslgn stage length missions were selected to 
minimize DOC at the aircraft design cruise Mach number. 

Figure 14 shows a typical plot of altitude versus DOC for the high and low 
speed aircraft flying the 185.2 km (100 nm) stage length mission. This figure 
Indicates the minimum DOC altitude for the low speed aircraft to be at 3048 m 
(10,000 ft) and at 5791 m (19,000 ft) for the high speed aircraft* 
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US.2*kffi UOMm) tltfrniit stage length mission 



DOC— </seet km 

^ -I -L _ - _ ■ ■ I 
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Figure 14. ~ Cruise alcicude selection* 


Climb Path Schedule 


Because of the importance of the climb path in establishing mission fuel us- 
age, block velocity, etc., a study was completed to select the most suitable 
climb path for both aircraft types. Several climb paths of constant indicated 
air speed (IAS) were flosra in the design mission (climb to cruise altitude 
plus climb to alternate field cruise altitude) with a current technology en- 
gine. The resulting aircraft were then flo%m in the 182.5 km (100 nm) off-de- 
sign mission with the constant IAS climb that was used to establish the design 
aircraft. The 185.2 km (100 nm) DOC results from each climb velocity path are 
shown for the high speed aircraft in Figure 15, and for the low speed aircraft 
in Figure 16. 

It is noted chat Che initial or lowest climb vel?<:icy is approximate to Che 
path Chat would be flown for a maximum rate of climb schedule. Also, the 
climb velocity was not allowed to exceed 463 km/h (250 kc) IAS below an alti- 
tude of 3048 m (10,000 ft). The climb schedule selected for the high speed 
aircraft was a constant 417 km/h (225 kt) IAS path and for the low speed air- 
craft a 370.4 km/h (200 kt) IAS path. The selected duab paths were incorpo- 
rated into Che mission and utilized to evaluate each engine technology. They 
provide a substantial portion of Che DOC reduction indicated for thu range of 
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Figure 15. - Climb study result8****LCC aircraft. 


constant IAS climb velocities evaluated, plus terminal climb Mach ntimbers that 
closely match the cruise Mach number for the design mission. However, In the 
case of the off-deslgn missions, this final cllmb/crulse Mach number match Is 
not maintained due to the optimization of the cruise altitude to minimize DOC. 

Rate of Climb Capabilities 

The rate of climb capabilities for standard day, all engine operative (AEO) 
and one engine Inoperative (OEI) maximum rate of climb at sea level, and alr> 
craft service ceilings for the current technology englae**powered low and high 
speed aircraft are shown in Table VIII. Note that the power loading for the 
high spfed aircraft la approximately 70X higher than that for the low speed 
aircraf u. 
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Figure 16* - Climb study results— ‘Ames aircraft. 


TABLE Vlll - SATE OF CLIMB CAPABILITIES 


o Current technology engine 
(Intermediate power) 

o Standard day conditions 

o Full design takeoff gross weight 

Low 

speed 

aircraft 

All Engine Operative (AEO) 

o SL maximum rate of climb— m/mln(f pm) 884 (2900) 

o Service celling— m (ft) 8534 (28000) 

One Engine Inoperative (OEI) 

o SL maximum rate of climb— m/mln (fpm) 

o Service celling — m (ft) 


High 

speed 

aircraft 


1707 (5600) 
12192 (40000) 


299 (980) 
4877 (16000) 


674 (2210) 
7010 (23000) 




AISCBAFT SYSTEM SENSITIVITY TO ENGINE PARAMETERS 

This paragraph preaanca cha aanaitivlcy data davalopad in Task I for the high 
and low apaad study aircraft powered by a currant technology angina* 

Table IX suamaritas the percentage changes in direct operating cost values 
(185.2 ka (100 na) stage length aission) for lOZ iaprovaaants in each of the 
following angina parameters: 


TABLE IX. > SUMMARY OF DDA SENSITIVITY RESULTS 



Reduction 

in DOC*. Z 

Engine Parameter 

High speed 

Low speed 

(lOZ Improvement) 

aircraft 

aircraft 

Overall sfc 

3.5 

4.12 

Weight (dry) 

0.30 

0.28 

OEM price 

0.40 

0.41 

Price (plus maintenance parts) 

1.29 

1.10 

Maintenance 

1.28 

1.00 

Maintenance labor only 

0.40 

0.31 

Max envelope length 

0.28 

0.19 

Max envelope height 

0.41 

0.27 

* 185.2 km (100 nm) alternate stage 

length mission and fuel cost ■ 


10.264/L (8l.00/gal). 


The relative importance of engine sfc, weight, and cost can be determined from 
the data presented in Table IX, and is illustrated in the following equations 
which show the percentage improvement in each parameter required to obtain a 
IZ reduction in OOC: 

High speed aircraft — 

ll OOC ■ 2.8Z engine sfc ■ 33.3Z engine weight “ 2SZ engine cost 
Low speed aircraft — 

IS DOC * 2.4Z engine sfc * 33. 7Z engine weight ■ 24. 4Z engine cost 

It is noted that baseline aircraft paraoieters and propulsion system weights, 
dimensions, OEM prices, and maintenance costs are listed for reference pur* 
poses in Table X. 

Additional data from the sensitivity studies of the current technology engine 
(CTE)-powered high and low speed aircraft configuration are presented in 
Tables XI through XIV. Each table lists changes in gross weight, empty 
weight, aircraft acquisition cost, block fuel, and DOC resulting from lOZ im- 
provements in each parameter listed. 


27 


TABLE X. - BASELIHE DATA— OOA STUDY AIRCRAFT 



High speed 
aircraft 

Low speed 
aircraft 

T0CW~kg (Ibm) 

Engine take-off rating at SLSS— kW (shp) 
Aircraft flyaway cost— 19791 

18,299 (40,343) 
13,531 (4735) 
5,456.000 

18.938 (41,730) 
2139 (2868) 
4,836,000 

Weights (dry) per engine— kg (Ibm) 
Power section 
Gearbox 
Total 
Propeller 

367 (808) 
166 (367) 
533 hl75) 
420 (926) 

279 (616) 
127 (280) 
406 (896) 
254 (561) 

Dimensions 

Engine max envelope length— m (in.) 
Engine mix envelope height— m (in.) 
Propeller diameter— m (ft) 

2.66 (104.6) 
0.85 (33.3) 

3.66 (12.0) 

2.39 (94.1) 
0.74 (29.2) 
2.83 (9.3) 

OEM price per engine— 1979 1 
Power section 
Gearbox 
Total 
Propeller 

308,213 

13.682 

321,895 

50,881 

216,979 

9.632 

226.611 

30,817 

Maintenance (fully burdened) 1979 i/£FH 
En^iine 
Propeller 

64.75 

4>15 

46.50 

4.15 


DOC Breakdown 


Figures 17 and 18 present a breakdown of Che eng ine~re laced DOC elemenCs for 
each baseline aircraft in a pie graph formaC. These data are for Che IBS. 2 kat 
(100 noi} stage length mission and a fuel cost of $0.264/L (il. 00/gal). Fig- 
ures 17 and 18 indicate Che largest cost item to be fuel (30 to 34Z of the 
total aircraft DOC) followed by engine maintenance (11 to 14Z of Che total 
aircraft DOC). In addition, Figures 17 and 18 show the effect of doubling 
fuel cost to i0.528/L (t2.00/gal). This increased fuel cost drives the engine 
related cost share from approximately 50 Co 60Z of total DOC. 

Progeller Sensitivity Data 

Table XV presents propeller sensitivity data determined from Che previously 
discussed engine sensitivity results. This table shows the effect on DOC for 
Che 0.7 Mach aircraft, of a IZ change in three propeller parameters. These 
data indicate propeller efficiency to be the most significant parameter. 
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TABLE XI. - ADDITIONAL SENSITIVITY DATA— HIGH SPEED AIRCBAFT (SI UNITS) 


in 1i9rov«nnt 
In tiMlnn 


Ovtrnll tfc 

(dry) 

OEM pHct 

MiInttfMncn 
(fully burdnnnd) 

Mu nnvnlopt 
Inngth 

Mu tnvniopn 
htlght 


TOW 

rtductlon* 


Mfp napty utlptit Flyauny cott Slodc funl mductlon* 

ftduetlon— rtduct1on~* 


OOC rtductlan* 


imiri Ti 


27,m 

13.269 

106.226 


48 

38 

12.876 

6 

2 

0.007 

0.013 

68 

64 

18,462 

9 

3 

0.010 

0.019 


Bitnllnt QiirncttHttlct 


TOW - 18.299 k« 

Mfg Mpty unight • 11.328 kg 
Flyitay cost • $6,466,141 


Block fuol (1111.2 ka) ■ 1190 kg 
Block futi (186.2 ka) ■ 380 kg 


OOC (1111.2 ka) - 2.310 f/soot ka 
OOC (186.2 ka) ■ 4.726 f/sttt ka 


TABLE XII. - ADDITIONAL SENSITIVITY DATA— HIGH SPEED AIRCRAFT 

(CUSTOMARY UNITS) 


in laprovoatnt 
In ongino 


TOW 

roductlon** 


Mfg tapty Might FlyoMy cott Block futi ro4uct1on» 


roductlon— 


rtductlon** 


Botolint ChoroctoH sties 


DOC roduct1on» 
</toot na (ll.OO/atl) 


ptrtatttrs 

Ibn 

1t» 

1979 $ 

600 na 

100 na 

600 na 

100 w 

Ovtrill sfc 

668 

181 

27,129 

281 

90 

0.156 

0.307 

Mtl 9 ht (dry) 

346 

32a 

13,269 

13 

4 

0.013 

0.026 

OEM pHct 



106,226 



0.023 

0.035 

(fully burd«fie4) 






0.074 

0.112 

Mix ifivtlopt 
Ungth 

105 

83 

12.875 

14 

4 

0.013 

0.025 

Mix titvtiopt 
htlflit 

161 

118 

18,462 

20 

6 

0.019 

0.036 


TOW - 40,343 Iba 

Mfg oapty Might • 24,974 IW 

Flyiuty cost • $6,466,141 


Block futi (600 na) > 2623 Iba 
Block futi (100 na) > 838 Iba 


DOC (600 na) • 4.278 d/sttt na 
OK (100 na) - 8.762 6/sttt m 
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TABLE Xlll. > AOOmOMAL SENSITIVITY DATA— LOW SPEED AlfiCEAFT (SI UNITS) 


105 li^rowaMt 
In ongino 
Nraaotart 

TOOK 

rodnct1on~ 

kg 

Nfg aMty wight 
fidactlon— 
kg 

Flymiy eoit 
Mduetlon— 
1979 5 

Block fwl redaction^ 

11U.2 k?"T».TUr 

OOC rodMCtlon*' 

0vor«11 tfc 

369 

125 

32,025 

161 

41 

0.109 

0.164 

Might (dry) 

134 

125 

11,250 

7 

2 

0.008 

0.011 

OfN gHct 



74.782 

mm-m 

— 

0.012 

0.016 



Mlntononre 
(f tolly bnrdonodi 

... 

... 

... 

... 

... 

0o038 

0.040 

f 

i 

Nu onvtlopo 
length 

36 

29 

7,586 

$ 

1 

OoOOS 

0.008 

NIX onvolopo 
height 

60 

41 

10,743 

7 

2 

OoOOO 

0.011 


Btttllnt OwnctTiitlcs 

TOGM - 18,928 kg Block fwl (1111.2 kal - 14«« kg 

Mfg ooBty Might ■ 11,828 kg Block fwl (185.2 kni • 369 kg 

nyoMy cost ■ $4,835,535 

DOC (1111.2 ko) • 2.907 f/toot ka 
OOC (185.2 kR) - 3.972 i(/mt ka 


TABLE XIV. • ADDITIONAL SENSITIVITY DATA— LOW SPEED AIRCRAFT (CUSTOMARY UilITS) 


106 luproviatnt 
In tfigint 

TOOU 

reduction— 

Nfg tagty wight 
roductlen— 

Flyowy eott 
reduction— 

Slock fwl reduction— 
Iba 

DOC reduction— 
d/Mot NN ($1.00/oe1 

piruMttrt 

1l» 

Iba 

1979 $ 

600 na 

100 m 

600 m 

100 na 

Overall $fc 

792 

275 

32,025 

355 

91 

0.202 

0.304 

Uflght (dry) 

296 

275 

11,250 

15 

4 

0.015 

0.021 

OEM prict 

mm^ 

— 

74,782 

— 


0.022 

0.030 

Niinttnanct 
(fully burdtntd) 

mmm 

... 

— 

... 

— 

0.071 

0.074 

m% tnvtlopt 
lan^th 

80 

64 

7,586 

11 

3 

0.010 

0.014 

Mm ffivtlopf 
height 

110 

91 

10,743 

16 

4 

0.015 

0.020 


BoMllM OwrocttHttlct 


T06W • 41,730 Iba Block fwl (600 h) • 3231 Iba 

Nfg o^ty wl^t • 26,076 Iba Block fwl (100 tai) - 813 Iba 

FlyoMhX cost ■ $4,835,535 

OOC (600 m) - V.383 6/so«t na \ 

DOC (100 na) - 7.356 6/st«t na 





Figture 17* “ Typical DOC breakdoim~higb speed aircraft 





Figure 18* ** Typical DOC breakdown-'-low speed aircraft* 


TABLE XV. - PROPELLER SENSITIVITY DATA 

Reduction In DOC~Z 

Propeller parameter Improveaent (PDA 0.7 Mach aircraft) 

IT A propeller efficiency 

IZ A propeller weight (4.22 kg (9.3 lbs) /propeller) 

IZ A propeller OEM price (^509/propeller) 


0.350 

0.024 

0.006 





ADVANCED TECHNOLOGY IDENTIFICATION AND EVALUATION 


Th« objectives of this portion of the STAT program were to conduct the follow- 
ing analyses as applicable to the turbine engine size requirements for 30- and 
SO-passenger commuter aircraft: 

o Conduct parametric engine/airframe studies to optimize cycle and design 
arrangestent 

o Identify technology advances 

o Screen and select those with best payoff potential 
o Define and desc..lbe candidate advanced technology engines 
o Determine the payoff potential by comparing the advanced technology engine 
with both the current technology engine and its 1985 time frame derivative 

CYCLE SELECTION 

Airframe sensitivities to engine parameters were developed in conjunction with 
vehicle specialists as explained under Baseline Airplane and Missions. The 
airframe sensitivities, or airframe/mission partial derivatives as they are 
denoted in Figure 19, are obtained from the airframe mission model and applied 
in combination with engine performance, weight, and cost partial derivatives 
from the engine cycle/performance model, engine weight model, and engine cost 
model to obtain a net variation in the payoff parameter. Figure 21 shows this 
process in detail, using a compressor advanced technology element evaluated in 
terms of a net change in DOC for the 185.2 km (100 nm) route segment. 

Sensitivities to changes in the baseline PD370-37 engine cycle were determined 
using major segments of the design 1111.2 km (100 nm) mission for the high 
speed airplane. These major segments were determined from the DDA mission 
analysis model. The results from this model correlated closely with chose of 
Lockheed. Table XVI shows the total fuel burned in Che mission and Che per- 
cent of Che total burned in each mission segment. Climb, cruise, and loiter 
use Che major portion of the fuel. Power, speed, altitude, and power setting 
are defined for these major segments at Che bottom of Table XVI. Since climb 
and cruise/ loiter mean operating conditions for both the design and alternate 
missions were almost identical, Che six operating conditions were reduced to 
four for the sensitivity analysis. 

To develop the sensitivities to changes in the baseline Model PD370-37 engine 
cycle, the parameters sho%m in Table XVII were changed individually at each of 
the four mission operating conditions sho%m in Table XVIII. The baseline en- 
gine performance was obtained by running the mission operating conditions at 
the BOT's shown in Table XVIIl. 

The effects of these engine cycle parameter variations on engine performance 
for one of the four operating conditions are shown in Tables XIX and XX. The 
representative mission fuel used (approximately 81Z to 89Z) was determined by 
using the mission segment times shown in Table XVI. The sensitivity of 185.2- 
and 1111.2 km (100- and 600 nm) mission fuel used to the changes in engine 
cycle parameters is shown in Tables XXI and XXII. The change in fuel used, 
from that of Che baseline engine, expressed in percent, is the mission 
weighted percent change in sfc from those of the baseline PD370-37 ei^ine. 
These sensitivities are shown graphically in Figures 20 through 22. 
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Figure 19. - Methodology using sensitivity data* 

TABLE XVI. - DDA MISSION ANALYSIS RESULTS— CURRENT TECHNOLOGY 

HIGH SPEED AIRCRAFT 


Alternate mission 185.2 km 


Design 

mission Illlt2 

km (600 

nm) 


(100 nm) 


Mission phases 

Time — 
min 

Fue 1~ 
kg ( Ibm) 

Fuel-- % 

Time— 

min 

Fuel— 
kg (Ibm) 

Fuel— X 

Take-off 

1.0 

- « 

1.9 

1.0 


3.1 

Climb 

15.6 

- - 

15.7 

5.1 

- • 

12.4 

Cruise 

77.8 

- - 

43.3 

10.5 

- - 

17.2 

Fuel Reserves 
Take-off 

1.0 


1.9 

1.0 


3.1 

Climb 

2.1 

- - 

3.5 

2.3 

• - 

6.2 

Cruise 

20.7 

- - 

11.2 

20.0 

- - 

18.8 

Loiter 

45.0 

- - 

22.5 

45.0 

• “ 

39.2 

Totals 

163.2 

1932.7 

100.0 

84.9 

1156.4 

100.0 

Note: Climb— 6 

,096 m (20,000 

(4260.8) 

ft)/0.5 M{]/climb 

power — both 

(2549.5) 

missions 



Cruise— 10,688 m (35,000 ft)/0.7 Mjj/86X max con** — design mission 

6,096 m (20,000 ft)/0.7 M{^/83X max corn. — alternate mission 
Cruise/loiter — 3,048 m (10,000 ft)/0.4 My/27T max coot— both missions 
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TABLE XVII. - CYCLE PABAMETER CHANCES 


Cycle parameter 


Change 


Conpreseor efficiency 
HP turbine efficiency 
turbine efficiency 
Turbine cooling air 
Burner pressure drop 


+ 3X and -6X 
+ 3Z 
+ 3Z 
+ 25X 
+ 25Z 


TABLE XVIIl. - MISSION OPERATING CONDITIONS 


Condition 

Altltude—m (ft) 

Mach No. 

Baseline engine 
BOT—K (®R) 

Baseline engine 
power~kW (shp) 

Cruise/loiter 

3,048 

(10,000) 

0.4 

1036 (1865) 

1456 (1953) 

Climb 

6,096 

(20,000) 

0.5 

1480 (2664) 

3811 (5110) 

Cruise 

6,096 

(20,000) 

0.7 

1343 (2418) 

3747 (5025) 

Cruise 

10,668 

(35,000) 

0.7 

1311 (2360) 

2174 (2915) 


TABLE XIX. - PD370-37 SENSITIVITY STUDY OF CYCLE CHARACTERISTICS AT 6096 m 

CRUISE (SI UNITS) 


(altitude: 6096 m: standard day; velocity: 0.7 Mjj; power: cruise) 




CoMoressor ^ 

a 

HP turbine 9 

LP turbine n 

Turbine cooling 

burner AP 

CUMlUU V«* 

Sensitivity chenge— 1 


"^3 — 

zE 


“3 


3 

Z" 


♦20 

ZSi 

M/Vf cqapressor«*% 

99.9 

100.0 

100.1 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

100.0 

99.9 

99.9 

Xijr-kg/s 
/S-- 1(9/s 

12.12 

12.87 

13.3$ 

12.22 

12.75 

12.10 

12.85 

12.74 

12.21 

12.04 

12.40 

11.30 

18.50 

19.65 

20.38 

18.65 

19.46 

18.47 

19.62 

19.40 

18.04 

19.14 

18.93 

17.26 


11.48 

11.50 

11.52 

11.48 

11.49 

11.49 

11.49 

11.49 

11.49 

1.49 

11.49 

11.47 

86.35 

81.29 

78.75 

83.83 

83.81 

83.82 

83.82 

83.02 

83.83 

83.82 

80.83 

80.36 

4.13 

4.14 

4.14 

4.13 

4.14 

4.13 

4.13 

4.14 

4.14 

5.17 

3.10 

3.10 

1312.7 

1312.5 

1311.4 

1312.9 

1311.4 

1312.7 

1312.8 

1311.7 

1313.3 

1312.0 

13U.8 

U12.2 

N/Vf 

99.4 

99.5 

99.6 

99.4 

99.5 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99. 


88.18 

88.19 

88.20 

90.83 

85.54 

88.19 

88.19 

88.19 

88.19 

88.19 

88.18 

90.83 

Cooling HP turtine-- 

4.0 

4.0 

4.U 

4.0 

4.0 

4.0 

4.0 

5.0 

3.0 

4.0 

4.0 

3.0 

\ HPC inlet lir 
N/Wf LPT— ^ 

1C1.9 

101.9 

102.0 

101.9 

101.9 

101.9 

101.9 

101.9 

101.9 

101.9 

101.9 

lUl.9 

’iLPT-t 

Cooling LP turbine— 

90.01 

90.97 

91.46 

90.01 

90.97 

93.19 

87.77 

90. 7U 

90.2b 

90.01 

90.36 

91.94 

1.0 

1.0 

1.0 

1.0 

UO 

l.U 

1.0 

1.20 

0.75 

l.U 

l.U 

0./5 

X HPC inlet air 




62.67 

65.27 







69.37 

SFC-eg/H-s 

62.89 

65.09 

66.45 

62. U1 

65.88 

64.33 

63.48 

04.24 

03.65 

Note: All runs ude to constant (base value) shaft poner. 









*n »(hpt, +3* 

\PT, -25* Tg, -25» 

burner AP. 
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TABLE XX. - PD370-37 SENSITIVITY STUDY OF CYCLE CHARACTERISTICS AT 
20,000 ft CRUISE (CUSTOMARY UNITS) 

(altitude: 20,000 ft: standard day: velocity: 0.7 Mu: power: cruise) 



CoBorttsor 


HP Ur61fit9 

LP turbine e 

Turbine coolina 

tturner AP 

CMBiUtive* 

StAsUIvtty chAfigt— t 





2 


2 


>25 


zS 

MAfF coapftssor^-i 

99.9 

100.0 

100.1 

99.9 

99.9 

99.9 

99.9 

99.9 

99.9 

10Q.U 

99.9 

99.9 

U<a--1b/*ee 
u4'/ -Ib/tec 

26.72 

26.36 

29.43 

26.94 

28.12 

26.66 

26.34 

26.06 

26.92 

27.64 

27.33 

24.91 

40.79 

43.32 

44.92 

41.13 

42.92 

40.72 

43.25 

42.6b 

41.10 

42.19 

41.72 

36.02 

^oap 

11.46 

11.50 

11.52 

11.46 

11.49 

U.49 

11.49 

11.49 

11.49 

11.49 

11.49 

11.47 

86.3$ 

61.29 

76.75 

63.63 

63.61 

63.62 

63.82 

63.62 

63.63 

63.62 

63.63 

66.39 

4.13 

4.14 

4.14 

4.13 

4.14 

4.13 

4.13 

4.14 

4.14 

5.17 

3.10 

3.10 

2362.6 

2362.S 

2360.6 

2363.3 

2360.6 

2362.6 

2363.0 

23o1.1 

2363.9 

2362.7 

2363.0 

2302.0 


99.4 

99.5 

99.6 

99.4 

99.5 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

99.4 

Coonng HP tyrtoliw** 

66.16 

86.19 

66.20 

90.63 

65.54 

86.19 

66.19 

86.19 

66.19 

66.19 

66.16 

90.63 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

5.0 

3.0 

4.0 

4.0 

3.0 

1 HPC InUt «(r 

n/^Tlpt*** 

101.9 

101.9 

102.0 

101.9 

101.9 

101.9 

101.9 

101.9 

101.9 

lui.y 

101.9 

101.9 

^Ilno LP turtint*- 

90.01 

90.97 

91.46 

90.01 

90.97 

93.19 

67.77 

90.70 

90.26 

9o.m1 

90.35 

91.94 

uo 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.26 

0.75 

1.U 

1.U 

0.75 

t HPC inlet «1r 

SFC-tbn/hr-MP 

0.3722 

0.3652 

0.3933 

0.3709 

0.3663 

0.3670 

0.3699 

0.3306 

0.3757 

0.3802 

O.37ol 

0.3514 


Not*: All mot atd* to conttont (boot voltto) skoft poMtr. 
•♦3% *3X Ihpt. ♦J* Vt. -25* Tj, -25» burnor^P. 


TABLE XXI. - PD370-37 SENSITIVITY STUDY OF MISSION FUEL CHANGES (SI UNITS) 




CoBpressor n 


HP turbine n 

LP turbine n 

Turbine cooling 

burner aP 

tuauUtIve* 

Sensitivity chenger-S 

Besellne 


2 

“2 


2 

zl 

2 


-25 

♦25 


165.2-taB Bl$s1on»fue1 use6— 6g 













Crulse/lolter 

518.4 

500.2 

540.0 

564.6 

497.8 

542.5 

S03.7 

534.6 

527.8 

510.5 

925*3 

912.9 

495.6 

CliBb 

146.3 

145.9 

151.2 

154.4 

145.5 

151.6 

143.9 

152.9 

149.3 

147.3 

149.1 

147.0 

1j7.9 

Cruise 

150.7 

148.5 

153.8 

156.9 

146.1 

154.1 

146.5 

155.6 

151.9 

150.0 

151.6 

190.1 

140.2 

Totel fuel— kg 

817.4 

794.6 

844.9 

876.0 

791.3 

848.2 

794.1 

843.1 

829.0 

807.8 

826.1 

810*2 

733.7 

Chenge In fuel— i 


-2.78 

3.37 

7.16 

-3.19 

3.76 

-2.86 

3.14 

1.41 

-1.18 

I.Ub 

-0.89 

-10.24 

1111.2-ka Bisslon— fuel 

used— kg 













Crulse/lolter 

524.0 

505.6 

545.9 

570.7 

^03.1 

$46.3 

509.1 

540.4 

533.4 

Slo.O 

530.9 

518.0 

4b0.y 

Cl iBb 

310.6 

305.7 

316.7 

323.6 

304.8 

317.6 

301.5 

320.3 

312.8 

306.7 

312.4 

309.1 

289.0 

Cruise 

644.6 

1035.6 

654.6 

667.0 

634.0 

656.4 

625.8 

664.6 

646.2 

641.1 

648.2 

641.7 

802.3 

Totel fuel— kg 

1479.2 

1447.1 

1517.2 

1561.2 

1442.0 

1522.4 

1436.5 

1525.4 

1494.4 

1465.9 

1466.9 

1466.9 

1324.7 

Chenge In fuel— t 


-2.17 

2.57 

$.54 

•2.52 

2.92 

-2.89 

3.12 

1.03 

-U.90 

0.83 

-U.7w 

•8.bl 


*31 ijjPTt *33 ^c. *251 burner <1P. 


TABLE XXII. - PD370-37 SENSITIVITY STUDY OF MISSION FUEL CHANGES 

(CUSTOMARY UNITS) 




CoBoressor 

J 

HP turbine n 

LP turbine n 

Turbine cooling 

Burner AP 


Sensitivity change — t Besellne 

Zl 


5 


2 


2 

— 

^51 



LBMletive* 

100-iM Blss1ofk-fue1 

c 

1 

1 

f 













Crulse/lolter 

1142.9 

1102.8 

1190.5 

1244.7 

1097.4 

1196.0 

1110.4 

1176.6 

1163.5 

1U5.5 

1158.0 

(129.9 

1004.9 

CliBb 

326.9 

321,7 

333.3 

340.5 

320.8 

334.2 

317.3 

337.1 

329.2 

324.6 

326.7 

325. J 

304.1 

Cruise 

332.3 

327.4 

339.0 

346.0 

326.4 

339.7 

322.9 

343.0 

334.9 

330. b 

334. b 

330.9 

309.U 

Toul fuol— Iba 

1802.1 

1751.9 

1662.8 

1931.2 

1744.6 

1869.9 

1750.6 

18S8.7 

1627.6 

1780.9 

1821.3 

1786.1 

1b17.b 

Change In fuel— t 


-2.78 

3.37 

7.16 

-3.19 

3.76 

-2.6b 

3.14 

1.41 

-1.16 

1.0b 

-0.89 

•10.24 

600-NN Bisslon— fuel 

used— Ibai 













Cru1se/1 olter 

1155.2 

1114.7 

1203.4 

1256.1 

1109.2 

1206.9 

1122.4 

1191.4 

1178.0 

1137. 7 

1170.5 

1142.1 

1015. 4 

CliBb 

664.8 

674.0 

698.3 

713.4 

672.0 

700.3 

664.8 

706.2 

669.7 

660.b 

668.6 

681.9 

637.2 

Cruise 

1421.2 

1401.7 

1443.2 

1470.4 

1397.6 

1447.1 

1379.7 

14b5.3 

1429.0 

1413.4 

1429.0 

1414.7 

(327.8 

Toul fuel -Iba 

3261.2 

3190.4 

3344.9 

3441.9 

3179.0 

3356.3 

3166.9 

3362.9 

3294.7 

3231.7 

3286.3 

3238.3 

2920.4 

Chenge In fuel— t 


-2.17 

2.57 

5.54 

-2.52 

2.92 

-2.69 

3.12 

1.03 

-0.9U 

0.83 

-0.70 

•8 .el 


'♦3* ♦SJ *>HPT« ’lPT* *25» T^, -25* burner aP. 
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Figure 20* “ Engine sfc sensitivity to component e££lclency~hlgh speed 

airplane, alternate oilsslon* 


Sensitivities to changes In the baseline Model PD370-37 engine cycle were also 
determined using major segments o£ the design 1111 • 2 km (600 nm) mission and 
of the alternate 185.2 km (100 nm) mission, for the low speed airplane. These 
sensitivities were determined In a similar manner to the methods described for 
the high speed airplane. It was found that sensitivities to component effi- 
ciency, cooling air, and burner pressure drop were essentially the same for 
the low and high speed airplane missions. 

A matrix of engines was p>ostulated at the nominal STAT engine sizes of 1790 
and 3579 kW (2400 and 4800 shp). Baseline compressor, high pressure turbine, 
and low pressure turbine efficiencies and cooling air amounts were assumed as 
Indicated in Tables XXIII and XXIV for each engine In the matrix. The matrix 
Included compressor pressure ratios of 5, 10, 15, and 25 over a range of tur- 
bine rotor Inlet temperatures (RIT) as shown. 

Compressor efficiencies were specified for the STAT nominal size engines with 
consideration for clearance effects using axial staging arrangements. 




1I80>2063A 


Figure 21. - Engine s£c sensitivity to component e££lclency-~hlgh speed 

airplane, design mission. 


TABLE XXIII. - STAT SENSITIVITY STUDY-CYCLE PARAMETERS FOR 1790 kW 

(2400 shp) ENGINE 


Compressor i) (polytropic) 88. OX 


RIT— K (*F) 



Rc 



178ii (i750) 


HP turbine if 

5 

88.8 

88.6 

88.4 

88.3 

(adiabatic)— X 

10 

87.5 

87.2 

86.9 

86.7 


15 

86.4 

86.1 

85.7 

85.5 


25 

85.3 

84.8 

84-5 

84.1 

LP turbine 17 

5 

90.1 

89.9 

89.8 

89.7 

(adalbatlc)— X 

10 

89.3 

89.0 

88.7 

88.4 


15 

89.0 

88.6 

88.2 

87.8 


25 

89.1 

88.5 

88.0 

87.6 

Cooling air— X 

5 

2.67 

6.57 

9.52 

14.1 


10 

3.38 

4.53 

8.8 

13.7 


15 

6.40 

8.80 

13.9 

16.1 


25 

12.0 

16.7 

25.6 

27.7 
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Figure 22. - Engine s£c sensitivity to turbine cooling air and burner pressure 

drop*~~hlgh speed airplane. 


TABLE XXIV. - STAT SENSITIVITY STUDY-CYCLE PARAMETERS FOR 3579 kW 

(4800 shp) ENC.INE 

Compressor (polytropic) 89. OX 


RIT— K (*F) 




1506 (2250) 

1644 (2500) 

1783 (2750) 

1950 (3050) 

HP curblne t| 

5 

92.1 

92.0 

91.9 

91.8 

(adlabatlc)~X 

10 

90.8 

90.6 

90.4 

90.2 


15 

90.0 

89.7 

89.4 

89.1 


25 

89.0 

88.4 

88.1 

87.7 

LP turbine rj 

5 

91.8 

91.7 

91.6 

91.5 

(adalbatic)*'-Z 

10 

91.8 

91.1 

90.9 

90.8 


15 

91.2 

90.8 

90.6 

90.3 


25 

91.2 

90.8 

90.5 

90.1 
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TABLE mv. (COMT) 




RIT— K 

CF) 


Rc 

1506 (2250) 

1644 (2500) 

1783 (2750) 

1950 (3050) 

Cooling air— X 5 

2.68 

6.57 

9.52 

14.1 

10 

3.38 

4.53 

8.8 

13.7 

15 

6.40 

8.80 

13.9 

16.1 

25 

12.0 

16.7 

25.6 

27.7 


HP and LP turbine efficiencies and cooling flow rates were projected to re~ 
fleet the effects of engine flow rate« cycle pressure ratio, and turbine BIT 
upon the turbine performance. The coolant flow rates and efficiency levels 
were the result of the changing turbine physical size, work requirements, and 
number of stages. Coolant flows were established consistent with common life 
requirements based upon cycle temperature, cooling air temperature, stage 
work requirement, and number of stages that require cooling. The associated 
cooling effectiveness was chosen with a consideration given to the significant 
Impact of Initial engine cost on DOC. Exotic cooling schemes and their atten- 
dant high engine costs were considered only at the highest temperature levels 
where they are an absolute necessity. 

The effect of these cycle considerations on relative mission welghted**sfc Is 
shown In Figures 23 and 24. The results tend to localize the region of In** 
terest for both engine sizes at 15 to 25 pressure ratio at RIT from 1506 to 
1644 K (2250 to 2500^F). These results were deteralned by adjusting design 
point sfe's calculated for the engine matrix for changes In compressor and 
turbine efficiency and cooling air quantities from the nominal values used In 
generation of the sensitivity data to the values shown In Tables XXIIl and 
XXIV. The mission fuel weighted sensitivities were used as previously de- 
scribed. Mlnlmums occured where Improved cycle efficiency due to Increase In 
pressure ratio and turbine temperature was overcome by reduced component adia- 
batic efficiency and performance penalties due to Increased cooling air. 

Further study Indicated that an RIT of 1506 K (2250”F) was an acceptable de- 
velopment risk for the 1988 time period. The risk attendant with higher RIT 
was Judged excessive for the small Improvement In sfc realized. 

At a turbine temperature of 1506 K (2250*F), further parametric studlec were 
made to detemlne the effect of compressor pressure ratio condslderlng engine 
weight, cost, and dimensions In addition to mission-weighted sfc. Table XXV 
presents these results for the 3579 kW (4800 shp) engine In terms of percent 
change In weight, cost, length, diameter, and sfc from a 4800 shp reference 
engine. Using the sensitivity data developed for the high speed commuter air- 
plane, engine characteristic changes were converted to a percent change In DOC 
at 185.2 km (100 nm) and plotted In Figure 25. These results Indicate that 
minimum DOC Is obtained at a pressure ratio of approximately 20:1. 

Summarizing the results of the cycle anallsls, an RIT of 1506 K (2250*F), and 
a compressor pressure ratio of 20:1 were Judged reasonable selections for both 
the 1790- and 3579 kW (2400- and 4800 hp) engines. 
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Design pressure ratio 

TE80-2067A 

Figure 23. ~ Mission weighted sfc trends~-L790 kW (2400 shp) size. 


TABLE XXV. - STAX EMGIME PRESSUBE RATIO SELECTION 3579 kW (4800 shp) SLSS 


RIT— K (°F) 

T A weight 
X A cost 
Z A length 
Z A dianeter 
Z A sfc 

Z A DOC ( 100 tua) 


1506 (2250) 
- 10.0 
-8.3 
♦3.98 
+14.7 
+29.0 
♦9.49 


10 

1506 (2250) 
-21.9 
-32.1 
-8,5 
♦2.4 
♦ 2.0 
-4.24 


15 

1506 (2250) 
-23.8 
-20.5 
- 11.0 
♦0.0005 
- 8.0 
-6.467 


25 

1506 (2250) 
- 21.2 
-18.11 
-iO.4 
♦ 2.1 
-7.1 
-5.66 


Bom: 4800 $hp r«f«r«nc« •ng)M 


- 1.2 
1 


I 

■ % 

,.o — 




1950 K 

1506 K^S^S- 
I«< It (2SOOT) 


DMign compressor prossur* ratio 

TE80>206SA 

Figure 24. - Mission weighted s£c trends**~3579 kW (4800 shp) size. 


DOC trends with pressure ratio 
1506 K (2250*F) 

3579 kW (4800 shp) 

"Current technology" baseline 


Base: 4800 shp reference engine 
(see Fig. 24) 


10 15 20 

Compressor pressure ratio 


1E80-2066A 


treads with pressure ratio at 1506 K (2250*F) and 3579 kW 
(4800 shp) conditions* 
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CONFIGUSATION TRADES 


An •xtcntlv* list of odvancod tochnology candldotot for incorporation In the 
STAT anginas waa prepared early in Teak II* Thaae candldataa ware acraanad 
and correlated in four aajor areas: 

o Rotating conponants 
o Static conponants 
o Propulaors and drives 
o Hacallaa and accaasorlas 

Potential technology itesis were first screened to deteraine those for which 
sufficient technical infomation and background experience existed at DDA to 
conduct a trade study* Another criterion considered in this initial screening 
was the extent of effort required to obtain baseline data upon which to nake 
tradeoff assessisents. In some cases, the effort required was judged to be 
beyond the scope of this study program. Advanced technologies associated with 
propellers were furnished to DDA by NASA* 

After this initial screening, individual components in each area ware Invest!*' 
gated to determine the applicability of the technology and the estimated 
change in component characteristics (efficiency, weight, cost, life, etc)* At 
the same time, the associated risk level was noted to aid in the screening of 
those technology elements with the greatest proodse. Eoerging advanced tech- 
nology areas were investigated to deteraine their potential Impact on power- 
plants sized to meet the STAT commuter aircraft requirements, particularly in 
areas that were unique such as the shorter duration flight cycle, and emphasis 
on reduced initial costs and operating costs* 

The study engine characteristics were also evaluated in terms of advanced de- 
sign features that might be incorporated into the STAT engines* The same 
screening process and study liisltation criteria that were used in selecting 
technology trade study candidates were applied to determine the design fea- 
tures to be evaluated* Each design feature selected was studied with respect 
to the measureable improvements in components, cycle, or engine compared to 
the STAT baseline engines* As with the technology elements, the associated 
risks were judged and entered into the evaluation* 

The baseline engine sensitivity parameters were applied to technology item and 
design features to generate the resulting partial derivatives of engine per- 
formance/cost parameters (sfc. initial cost, weight, etc)* Those judged to 
have the most merit were subjected to the airframe sensitivity analysis* Each 
selected design change (in terms of engine performance parameters) was then 
checked to determine the resized airframe (DOC), empty mass, acquisition cost, 
fuel consumed, etc, for the baseline mission* Those design features with the 
greatest merit were chosen for further evaluation for the STAT engines* 

The lists of technology items and design features that were finally evaluated, 
are shown in Table XXVI* This table indicates the recoomiendatloL applicable 
to each item indicating whether it was selected for incorporation In the STAT 
engines or was rejected* The table also sh'^ws whether this decision was based 
on a DOC evaluation or was one based on judgment since the DOC impact could 
not be ascertained* 
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TABLE XXVI, - CANDIDATE ADVANCED TECHNOLOGIES AND DESIGN FEATUBES 


•—CANDIDATE ADVANCED TECHNOLOGIES' 


StlACf d 
Judgt~ 

Ttchnology It— DOC — nt 


?ovT Stction 
0 Coapr*««or 

Cycle preaeurc redo X 

ConfiturAtion (axial & axial/cant,) X 

Hybrid cancrifugal impallar X 

High taaparatura citanius afc whaala X 

Ualdad titanium apool X 

o Turbina 

Rotor inlat tamparatura X 

Configuration ~ 

Axial X 

Radial inflow 

Hybrid rotors, compoaita shafts & 

supercritical shafts X 

Thermal barrier coatings 
Ceramic blades & vanes and airfoil coatings 
Cast'in impingesMnt cooling X 

Long-life bearings X 

o Combustor/diffusers 

Transpiration cooled combustor X 

Vortex controlled diffuser X 


o Engine accessories 

Electronic fuel control X 

Fuel pump and metering system X 

Engine condition monitoring X 

o Noise reduction 

Compressor design X 

Combustor design X 

Reduction Gear 
o Advanced design 

Cosiposite materials X 

Steel/titanium gears 

Finite element gear analysis X 

Superplastic formed titanium 


Reiacted 
Judge- 
DOC smnt 


X 


X 


X 


X 

X 


TABLE mi (coirr) 


-CANDIDATE ADVANCED DESIGN FEATURES—— 


Ptiign P««tur« 

PowT Stction 
o Coaprcssor 

Erosion rssiscsnt dssign 
Inlst particle separator 
Rotor/casa response to rotating stall 
Claaranes control - 
Active 

Straddle nounts 

Thermally matched rotor/ case 

o Turbine 

Clearance Control - 
Active 

Straddle mounts 
Thermally matched rotor/ case 
Leakage control 
Abradable coatings 
Advance Bearings - 

Beryllium-backed bearing races 
Tapered bearings 


Other 

Modular construction 
Remote accessories 
Advanced propellers 
Turbo fan engine 

Power extracticot mechanical vs air bleed 
Reduced weight nacelles 


Selected 
Judge- 
DOC mcnt 


Judge- 
DOC ment 


X 

X 

X 


X 

X 


X 

X 

X 

X 


X 


X 

X 



X 


The following paragraph describes the analyses by engine section. The impacts 
on engine weight, performance, maintainability, and cost are given «rhere 
tradeoffs could be made; otherwise decisions were based on judgement. 

Compressors 

Compressor configurations for both engines were determined and are shown in 
Figures 26 and 27 for the 1790- and 3579 kW (2400- and 4800 hp) engines, re- 
spectively. The compressor pressure ratio selected was 20:1, as previously 
discussed. In selecting these configurations, the experience derived from 
recent compressor studies, including the small compressor study for NASA/LeRC, 
was employed. For trsdeoff examination of alternate compressor arrangeswnts, 
trends were studied that show adiabatic compressor efficiency versus deslipit 
flow for axial, axial-centrifugal, and one- and two-spool, two-stage centrifu- 
8«1 compressors. The comp-essors were selected to be axial-centrifugal and 
axial, for the 1790- and 3579 kW (24C0- and 4800 shp) engines, respectively. 
Preliminary costpressor aerotbermodynamic design data shewed axial compressors 
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Axial dimanslon*^ 


6 8 10 
Axial dimeraion— in. 
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Figure 26. - STAX advanced compressor flow path~**1790 kW (2400 hp) engine. 

at Che study pressure ratio have higher design efficiencies Chan other 
configurations over Che study range of flow rates. An axial compressor was 
configured for both engines initially. The small compressor, however, was 
found to have extremely small airfoils at Che aft end. These small airfoils 
would be difficult Co manufacture as well as to make the compressor efficiency 
very sensitive to small changes in clearance. For this reason an axial-cen- 
trifugal compressor was selected for the small engine. An axial compressor 
was selected for the large engine. 

Hybrid Compressor Impeller Rotor 


An evaluation was made of Che hybrid centrifugal compressor impeller rotor. 
This item uses hot isostatic press (HIP) bonding Co attach a cast rim with 
blades to a forged bore insert. 

A recent value engineering study of the Model 250-C30 impeller rotor was made 
in which a similar substitution was considered. This analysis showed that the 
cost reduction potential was 712. Using this ratio and estimated cost of Che 
1790 kW (2400 shp) STAT engine compressor impeller, the resulting change in 
engine cost would be -2.3Z with a corresponding change in DOC of -0.25%. 

This item was selected for the STAT 1790 kW (2400 shp) STAT engine. 
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Figure 27. -* STAT advanced compressor flow path**>3579 kW (4800 hp) engine. 


High Temperature Aft Titanium Wheels 

In both STAT engine sizes the cycles selected have compressor discharge temr 
peratures, at rated conditions In the range of 738.7 to 744.3 K (870*’ to 
880*F). At these temperatures, alloys such as 6-4 Titanium have little creep 
strength. These alloys are thus Inappropriate for wheels to be used In the 
latter stages of the compressors. 

IMI829, a high temperature Titanium alloy developed outside the U.S., appears 
to be applicable to this aft wheel location, based on preliminary data. Hotf- 
ever, data on alloy weldability Is not available, and this may Impact Its se- 
lection for a welded drum rotor construction. The application of 1MI829 to 
the 2400 shp compressor Is uncertain at this time due to the hybrid construc- 
tion of Its centrifugal Impeller. 

Welded Titanium Spools 


Advanced compressors In development today use welded drums to provide greater 
stability and reduced weight. Improvements can be made In design and fabrica- 
tion technology to further reduce weight and cost by simplifying the configu- 
ration to facilitate welding In remote or blind areas. Based on experience 
with other DDA turboshaft engines. It Is estimated that the following savings 
may be achieved with the STAT engines: 
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X A DOC 


Rafd powr — kW («hp) 
1790 (240C) 

3579 (4800) 


X A Waight 
- 1.0 
- 1.8 


X A Cost 
-0.6 -0.093 

-1.1 -0.196 


Erosion Protection 

DDA experlencs ulth T56 engines operating In desert climates has shown that 
severe sand and dust erosion damage to an axial compressor can cause the en- 
gine to be removed for overhaul In Just a few hundred hours. 

The STAT engines will be designed to be more tolerant of Injested dirt par- 
ticles In the alrstream than current technology engines. If the STAT engines 
operate In an extremely dusty environment, their normal MTBR may be reduced by 
one-half. The addition of suitable inlet particle separators (IPS) would re- 
store their normal tfTBR. and would provide the following Inpact to the cost 
and operation of the engines: 


XA Malnt. 


Rated power— kW (ho) 

X A Weight 

X A Cost 

X A sfc 

Cost 

X A DOC 

1790 (2400) 

+5.0 

+2.5 

+1.0 

-14.4 

-0.818 

3579 (4800) 

+3.0 

+2.0 

+1.0 

-10.4 

-0.633 


Although the IPS adds to the engine weight, cost and fuel usage, the gain in 
lowered maintenance cost could more than offset this disadvantage. 

Prediction of Rotor/ Case Response to Rotating Stall 

The small diameter, highly loaded compressors of the STAT engines require 
close blade tip clearances to achieve the dt'.slred performance. It Is es- 
sential that the design of these advanced cospressors consider the dynamic 
behavior of the rotors and cases during surge, rotation stall, and rapid ther- 
mal changes. Without the ability to predict these phenomena. It would be nec- 
essary to design with greater tip clearance and to provide either an addition- 
al compressor stage or an additional bearing and attendant support structure. 
With the ability to predict the rotor /case response to rotating stall, how- 
ever, these penalties could be removed with the following typical Improvement 
to DOC: 


Rated power — kW (hp) 

X A Weight 

X A Cost 

X A sfc 

X A DOC 

1790 (2400) 

-5.0 

-8.0 

-0.8 

-1.334 

3579 (4800) 

-6.0 

-6.0 

-0.8 

-1.234 
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Cl«ar>nc« Control 


Th« payoff par stage with coapraaaor active clearance control is such that 
stage efficiency Improves 3X for each IZ of blade height change in tip clear* 
ance. The highest payoff occurs in the aft compressor stages where blade 
height is smallest • This complicates the design* particularly where a vane 
actuating system is desirable from an acceleration/surge margin point of view. 

Simple mechanical systems are essentially eliminated if a vane actuation ays* 
tam is already employed* Thermal 'systems probably would not pay off since the 
”on" system time is short and because of the penalty to the cycle* Active 
clearance control was* therefore, rejected for the STAT engines* Straddle 
rotor mounts and thermally matched rotors* blades* vanes* and the case were 
incorporated in the STAT engines* homver* to provide a degree of clearance 
control* It is estimated that blade tip clearances in this way may be held 
15Z smaller with the following impact on DOC: 


Rated power— kW (hp) 

Za Height 

Z A Cost 

Z A sfc 

ZA DOC 

1790 (2400) 

-5*0 

-8.0 

-0*4 

-1.141 

3579 (4800) 

-6*0 

-6.0 

-0*4 

-1.094 


Turbines 


Advanced technology baseline engines were developed for examination of the 
trade-offs Involved In choosing turbine and shafting arrangements compatible 
with high pressure ratio, axial, and axial-centrifugal compressors* The tur- 
bines were air-cooled to operate at 1506 K (2250*F), as was shown desirable in 
the previous section* 

Configuration 

Axial turbines were considered initially In the study for both size engines* 
Engine weights and prices were analytically determined by section, based on 
cycle descriptions, technology levels, and unique physical features* Cost 
data were estimated using the Material Index Factor (MIF) method employed by 
DOA. 


1790 kW (2400 shp) STAT Engine 

A baseline power section and eight variants were defined to compare different 
combinations of LP turbine shaft designs, Hp turbine materials, and methods of 
HP turbine blade attachments* The baseline configuration and variants are 
described In Table X3CVII* The baseline configuration has a 20:1 CPR compres- 
sor at an airflow of 6*35 kg/s (14*0 Ibm/sec) at approximately 38700 rpm* 
Tables XXVIII and XXIX show the comparative calculated weights by section* and 
also show calculated comparative recurring manufacturing prices* 
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Engine 


TABLE mil 


1790 kW (2400 shp) ENGUIE FABRICATION TECHNOLOGY 
T>chnology 


Adv* T«ch* 
Baseline 


1 

2 

3 

4 

5 

6 

7 

8 


Composite t or hybrid, HP turbine wheels and blades 
(powdered metal discs and cast rim with Integral 
blades), berylllusrrelnforced LP turbine shaft 
Forged 1N*718 HP turbine wheels with dovetails and a 

bery.lllum~reln£orced LP turbine shaft, 82 lower HP rpm 
Near-net'shaped PA-^101 HP turbine wheels with dovetails 
and a berylllum^relnforced LP turbine shaft, 82 lower 
HP rpm 

Composite borslc titanium LP turbine shaft and composite 
HP turbine wheels without dovetails 
Composite HP turbine wheels without dovetails and steel 
LP turbine shaft without beryllium Insert (has mutes 
for damping) 

Forged IN-718 HP turbine wheels with dovetails and a 
composite borslc titanium LP turbine shaft 
Forged IN-718 HP turbine wheel with dovetails and a 
steel LP turbine shaft without beryllium insert (has 
mutes for damping) 

Near-net-shaped HP turbine PA-101 wheels with dovetails 
and a composite LP turbine borslc tltaniiim shaft 
Near-net-shaped HP turbine PA-101 wheels with dovetails 
and a steel LP turbine shaft without beryllium Insert 
(has mutes for damping) 


TABLE mill. - 1790 kU ENGINE POWER SECTION PRICES AND WEIGHT BREAKDOWN 

(SI UNITS) 


Ad¥. Itch. 



Basal Int 

1 

2 

3 

4 

5 

0 

1 

8 

Fofwrd support— k9 

n.4S 

12.93 

12.93 

11.45 

11.45 

11.45 

11.45 

11.45 

11.45 

Co^>rtssor rotor— kp 

11.81 

13.34 

13.34 

11.81 

11.81 

11.81 

11.81 

11.81 

11.81 

Coaprossor cost— kp 

19.58 

22.10 

22.10 

19.58 

19.58 

19.56 

19.56 

19.5b 

19.56 

8urntr/d1 f f ustr- -k9 

27.59 

31.18 

31.18 

27.59 

27.59 

27.59 

27.59 

27.59 

27.59 

HP turblot rotor 

15.58 

20.23 

15.65 

13.08 

13.14 

16.78 

IS. 5b 

14.88 

14.32 

(whttls and sptctr)— kp 

(5.62) 

(10.30) 

(5.72) 

(3.15) 

(3.21) 

(6.85) 

(5.02) 

(4.:M) 

(4.391 

HP turbint cast— kg 

9.16 

10.37 

10.37 

9.18 

9.18 

9.18 

9.18 

9.18 

9.18 

LP turOlfif rotor (shaft)*-kg 

18.74 

18.74 

18.74 

16.61 

17.31 

16.61 

17.31 

16.61 

17.31 

(3.83) 

(3.83) 

(3.83) 

(1.25) 

(1.98) 

(1.25) 

(1,98) 

(1.25) 

(1.96) 

LP turbint cast«*k9 

9.17 

9.17 

9.17 

9.17 

9.17 

9.17 

9.17 

9.17 

9.17 

Rtar bumtr support*«kg 

11.34 

11.34 

11.34 

11.34 

11.34 

11.34 

11.34 

11.34 

1I.34 

Accy gtarbox—kg 

83.75 

83.75 

83.75 

63.75 

63.75 

63.75 

b3. 75 

03.75 

63.75 

Total— kg 

196.13 

213.10 

208.57 

193.53 

194.30 

197.23 

196.71 

195.32 

195,07 

Rtcufiing nanufacturlng prict 

S236,9(H 

$280,860 

1249.763 

$235,547 

$235,047 

$249,889 

$248*449 

S24U.U25 

1249.447 
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TABLE mx. - 2400 ahp ENGINE POWER SECTION PRICES AND HEIGHT BREAKDOWN 

(CUSTOMARY UNITS) 

Adv. TtCi), 



Baiolino 

1 

2 

3 

4 

5 

6 

7 

8 

Fonftrd $upport*«1ba 

2S.24 

28.9 

28.9 

25.24 

2a.24 

25.24 

25.24 

25.24 

25.24 

Cw^fMsor rotor— IbB 

2«.03 

29.4 

29.4 

26.03 

26.03 

26.03 

2b.Ua 

20.03 

26.03 

Con^rtfttor COM— Iba 

43a12 

48.73 

48.73 

43.12 

43.12 

43.12 

43.12 

43.12 

43.12 

•«rnor*41ffyotr— 1 tm 

60*83 

68.74 

68.74 

60.83 

60.83 

60.83 

60.83 

00.83 

00.83 

HP turbint rotor 

34.30 

44.60 

34.5 

28.84 

20.97 

37.00 

34.3 

32.80 

31.57 

(wbttU and s^tr)— Iba 

(12.4) 

(22.7) 

(12.6) 

(6.94) 

(7.07) 

(15.1) 

(12.4) 

(10.9) 

(9.67) 

HP turbino cato— lbs 

20.24 

22.87 

22.87 

20,24 

20.24 

20.24 

20.24 

20.24 

20.24 

LP turbino rotor (shaft)— Iba 

41.31 

41.31 

41.31 

36.61 

38.17 

36.b1 

38.17 

36.01 

38.17 


(7.46) 

(7,46) 

(7.46) 

(2.76) 

(4.32) 

(2.76) 

(4.32) 

(2.76) 

(4.32) 

LP turbino caifiba 

20.21 

20.21 

20.21 

20.21 

20.21 

20.21 

20.21 

20.21 

20.21 

Roar bumor support««1ba 

24.99 

24.99 

24.99 

24.99 

24.99 

24.99 

24.99 

24.99 

24.99 

Accy goarbox— Iba 

140.SS 

140. SS 

140. SS 

140.55 

140.55 

140.55 

140.59 

140.55 

140.55 

Total— Iba 

436.8 

469.90 

66T8r 

626T66 

126.35 

63TBSr 

637T68 

6307 

433.95 

Rocurring aanufactuiing prico 

$236,904 

S260s660 

S249p763 

I235p547 

$235«547 

$249,089 

$248,439 

$240,025 

$239,347 


The effect that the LP turbine shaft design changes had on the finished weight 
(FW) of the LP turbine and the FW of the HP turbine, due to varying shaft and 
wheel bore diameters, Is shown for each variation In Table XXX. The effect 
that HP turbine wheel and blade attachment technology and reducing compressor 
rpm to Improve LP turbine shaft critical speed had on FWs Is also shown In 
Table XXX. It should be noted that an Increase In the radius of the bore In 
the HP turbine resulting from the different LP turbine shaft designs greatly 
Increases the FW of the wheels and spacer In the HP turbine because of the 
addition of bore reinforcing material. Note the Increase In engine diameters 
as a result of slowing down the compressor rpm and the resultant ^ penalty. 
However, the FW of the HP turbine wheels would have decreased with the reduced 
rpm In variations 1 and 2 were It not for the fact that nonintegral blades 
(attached by dovetails) Increased the centrifugal load, stress, and FW of the 
HP turbine. 


TABLE XXX. - 1790 kW (2400 shp) ENGINE EFFECT OF WHEEL SHAFT AND RPM 

VARIABLES ON SECTION WEIGHTS 


Faaturt 

Adv. Tech. 
Baseline 

1 

2 

3 

4 

5 

6 

7 

6 









Whbtls HP turbine 

Dovetails 

Yes 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Material 

PA-101 

IM-718 

PA-101 

PA-101 

PA-101 

IN-718 

IM-718 

PA-101 

PA-1 01 

t ,5 Meloht 

0 

♦83.2 

♦0.6 

-44 

-43 

-22 

0 

-12.1 

-22 

Rb-Mi (In.) 

Shafting 

Material 

43.2 

43.2 

43.2 

30.7 

12.7 

30.7 

12.7 

30.7 

12.7 

(1.7) 

(1.7) 

(1.7) 

(1.21) 

(C.S) 

(1.21) 

(0.5) 

(1.21) 

(U.b) 

Sti/Be 

Sti/Be 

Sti/Be 

B0/T1 

Steel 

BO/T1 

Steel 

BO/T1 

Steel 

t A weight 

0 

0 

0 

-63 

-42 

-63 

-42 

-63 

-42 

Supercrl tical 

No 

No 

No 

NO 

Yes 

No 

Yes 

No 

Yes 

% A speed hp 

0 

-8.0 

-8.0 

0 

0 

0 

0 

0 

0 

% A HP turbine case FH 

0 

♦13.3 

♦13.3 

0 

0 

0 

0 

0 

0 

% A coaprtssor case FU 

0 

♦13.3 

♦13.3 

0 

0 

0 

0 

0 

0 

% A bumer/d If fuser FH 

0 

♦13.3 

♦13.3 

0 

0 

0 

0 

0 

0 

% A coapressor rotor FW 

0 

0* 

0* 

0 

0 

0 

u 

0 

0 


^Increased dluwter and dacreased spaed cancallad out for no FU compared to baseline engine. 
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Table XXXI provides a breakdo«m of weights and pries by engine section for 
variation 3 of the baseline 1790 kW (2400 shp) STAT engine. This is the win** 
ning configuration for both weight and price and provides the minimua OOC. 


TABLE XXXI. - 1790 kU (2400 shp) (VARIATION 3) POWER SECTION AVERAGE 
RECURRING MANUFACTURING PRICE BY SECTION 

(1000 engines at 12/aonth, in 1979 economics) 


Cri9lnt SKtIon 

(iba) 

Sasallna 
FU- kg (Iba) 

W^ns 

Ic 

Prlct—5 

Basal Ina 

prIca-dS 

RaMarks 

Fon«rd support 

U.4S (2S.24) 


6.26 

0.158 

7.291 



AxItY coaprtstor rctor 

9,13 (20,13) 


20.46 

0.411 

18.932 



Axial coi^rattor cast 

11.13 (24.54) 


17.76 

0.435 

20.072 



Cantrl coapratsor rotor 

ZM (S.90) 


33.56 

0.196 

9,134 



Cantrl con^rataor casa 

8.43 (18.58) 


15.09 

0.280 

12.935 



Suraar/diffusar 

27.59 (60.83) 


8.88 

0.540 

24,931 



HP turtolaa rotor 

13.08 (28.84) 

•2.48 (-5.46) 

21.90 

0.631 

27,951 

•1764 

Coaposlta ahaals 

HP turOlna casa 

9.18 (20.24) 


14.25 

0.288 

11,788 


without dovatalls 

LP turtolna rotor 

16.61 (36.61) 

•2.13 (•4.7) 

6.94 

0.254 

11,706 

♦ 407 

80/T1 shaft 

LP turOlna casa 

9.17 (20.21) 


7.09 

0.143 

6.509 



Atar bumtr support 

11.34 (24.99) 


9.06 

0.226 

10,450 



Accy gaarbox 

45.36 (100.00) 







Ac cassoii as 

18.39 (40.55) 


4.13 

0.581 

26,790 



Total 

19r50'('4».6} 

on-io.it) 

TTTZT 



^T35T 


Control s 





40,715 



Assy* and Tost (approx 90 hr) 




6.243 



Avtraga racuriing Manufacturing prica 




$235,547 




3579 kW (4800 shp) STAT Engine 

The baseline engine established for the 3579 kW (4800 shp) size is an axial 
flow engine with a 20:1 CPR and an airflow of approximately 11.57 kg/s (25.5 
Ibm/sec) at approximately 29,800 rpm. 


Five variations of the 3579 kW (4800 shp) baseline engine were selected: two 

variations of different combinations of HP turbine rpm, LP turbine shaft de- 
sign, HP turbine materials, and two methods of blade attachments. Three var- 
iations have similar combinations as the first two but also have in addition 
an axial-centrifugal compressor and a shorter LP turbine shaft as a result of 
the combustor/diffuser design change. The technology describing the varia- 
tions from baseline is shown in Table XXXII. 


The comparative recurring manufacturing prices for the 3579 kW (4800 shp) en- 
gine power section, plus five variations in turbine design, were also prepared* 


The calculated weights by section of the 3579 kW (4800 shp) baseline engine 
and five variations are shown in Tables XXXIII and XXXIV. Also shorn are the 
calculated comparative recurring manufacturing prices of this engine and five 
variations* 
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TABLE mil. - 3579 kW (4800 shp) ENfilNE FABRICATION TECHNOLOGY 


Engln« 

Adv. T«ch* 
Baseline 


1 


2 


3 


4 


5 


Technology 


This engine la a straight through pover section with 
1N~718 HP forged turbine wheels and Individual dove* 
tailed blades. In addition, the LF shaft Is steel 
with no stiffening (l.e., beryllium). The shaft re- 
quires several damping mutes to lower the critical 
shaft speed below the operating range. 

This variation Is scaled from the baseline engine with a 
2Z decrease In HP rotor speed. The HP turbine wheels 
are made by powder metallurgy and Include dovetails. 

The power turbine shaft Is borslc titanium. The slight 
increase In HP turbine rotor weight, despite a reduced 
rpm. results from an Increase in the bore diameter to 
pass the larger borslc titanium shaft required to get 
out of critical speeds. 

This variation Is the same as in 1 with the exception 
that the HP wheels and blades are composite without 
dovetails. 

This variation Is scaled from baseline with a 4Z decrease 
in HP rotor speed. HP turbine wheels are forged 
IN-718 with dovetails with large ID. The LP turbine 
shaft Is steel without mutes. The compressor Is 
axial-centrifugal scaled from the 1790 kW (2400 shp) 
baseline engine. 

This variation is the same as in 3 but It has an LP 

turbine shaft of borslc titanium. The HP rotor rpm Is 
the same as that In the baseline. 

This variation is the same as in 4 with the exception that 
it has HP turbine wheels and blades that are composite 
and steel LP shaft without mutes. 



I 


1 


ii 


j 


The LP turbine shaft design changes and their effects on FW of the LP turbine 
and FH of the HP turbine are shown In Table XXXV. The effect of HP turbine 
blade attachment and of reducing compressor rpm on FWs Is also shown in Table 
XXXV. It should be noted that the baseline LP turbine shaft is "super criti- 
cal." This condition is corrected by Increasing the diameter of the different 
LP turbine shaft designs, which greatly increases the FW of the wheels and 
spacer in the HP turbine because of the Increased radius of the bore reinforc- 
ing material. Note that the overall Increase in engine diameter resulting 
from slowing down the compressor rpm, while maintaining the same R^ and 

has an FW penalty. The FW of the HP turbine wheels %rould have decreased 
with the reduced rpm in variations 2 and 4 were it not for the fact that the 
larger bore diameters Increased the stress and FW of the UP turbine wheels. 
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TABLE mill. - 3579 kW ENGINE POWER SECTION PRICES AND WEIGHT BREAKDOWN 

(SI UNITS) 


Mt. T«cti. 



Bisolint 

i 

2 

3 

4 

5 

Fomifd support— kg 

20.70 

21.37 

20.76 

22.04 

20.70 

20.70 

AxUI rotor— kg 

24.89 

24.89 

24.89 

20.57 

20.57 

20.57 

Axiol cut**kg 

30.3S 

31.34 

30.36 

27.81 

26.10 

26.10 

Cofitrlfugol rotor— kg 




6.03 

6.03 

6.03 

ContrlfuMl c«tt*-kg 



9.66 

9.07 

9.07 


8urnor/diffustr-^cg 

19.16 

19.78 


64.39 

51.07 

51.07 

HP turbino rotor (whttU)— kg 

21.77 

22.47 

20.57 

26.26 

22.58 

17.28 


(9.98) 

(10.68) 

(8.75) 

(14.47) 

(10.80) 

(5.49) 

HP tuitlno COSO— kg 

9.75 

10.07 

9.75 

10.38 

9.75 

9.75 

LP turblno rotor (shift)— kg 

21.04 

19.29 

19.29 

20.17 

17. OU 

20.14 


(6.02) 

(4.27) 

(4.27) 

(5.15)* 

(1.98)* 

(5,15)* 

LP turOInt cm— kg 

24.11 

24.11 

24.11 

24.11 

24.11 

24.11 

Roir bumtr support— kg 

18.21 

18.21 

18.21 

18.21 

18.21 

18.21 

Accossory— kg 

€2.11 

62.11 

62.11 

62.11 

62.11 

62.11 

Accissory giirbox««kg 

14.70 

14.70 

14.70 

14.70 

14.70 

14.70 

Totil— kg 

266.8 

268.3 

263.8 

316.4 

302.0 

299.8 

Rocurrlng Mmifuturtr ^Hct 

1401,591 

6406.098 

$397,793 

$481,677 

$467,943 

$458,253 


*Approx<Mtt1y 0.23 ■ shorter then bcstHne et a result of flow back burner configuration. 


TABLE miV. - 4800 shp ENGINE POWER SECTION AND WEIGHT BREAKDOWN 

(CUSTOMARY UNITS) 



Adv. Ttcb. 







Basal Int 

1 

2 

3 

a 

5 

Fonurd support— 1 bn 

45.63 

47.113 

45.63 

48.60 

as. 63 

45.63 

Axial rotor*'-1bn 

54.88 

54.88 

54.88 

45.34 

as.aa 

45.34 

Axial caso*«1bn 

66.91 

69.09 

66.91 

61.30 

S7.S3 

57.53 

Caotrlfugal rotor— 1 bn 




13.29 

I3.au 

13.29 

Cantrlfugal cast— 1 bn 




21.3 

20.0 

20.0 

Burotr/dl ffustr— 1 bn 

42.23 

43.60 

42.23 

119,9 

112.6 

112.0 

HP turbint rotor (whttls)— Ibn 

47.99 

49.53 

45.35 

57.89 

ag.79 

38.09 


(22.00) 

(23.54) 

(19.3) 

(31.9) 

(23.8) 

(12.1) 

HP turbiM cast— 1 bn 

21.49 

22.19 

21.49 

22.89 

21. ag 

21.49 

IP turblnt rotor (shaft)— 1 bn 

46.38 

42.53 

42.53 

44.46 

37. a« 

44.41 


(13.27) 

(9.42) 

(9.42) 

(11.35)* 

(a.37)» 

(11.35)* 

LP turblnt cast— 1 bn 

53.16 

53.16 

53.16 

53.16 

S3. 16 

53.1b 

Rtar bumtr support— 1 bn 

40.14 

40.14 

40.14 

40.14 

ao.ia 

40.14 

Acctssory— 1 bn 

136.92 

136.92 

136.92 

136.92 

136.92 

136.92 

Acctssory gtarbox— Ibn 

32.41 

32.41 

32.41 

32.41 

32. ai 

32.41 

Tottl-Ibn 

588.1 

591.6 

581.6 

697.6 

665.8 

861.0 

Rtcurring mnufacturtr prlct 

$401,591 

$406,098 

$397,793 

$481,677 

$457,983 

$458«253 


•ApproxlMtaly 9 In. shorter than besetlne as a result of flow back burner configuration. 
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TABLE Xm. - 3579 kW (4600 8lq>) ENGINE STAX STUDY EFFECT OF WHEEL SHAFT 

AND RPM VARIABLES 


Ft«tun 

MhMli HP turblnt 

t A tMlalit 

(In.) 

OOMUlIl 

Shafting IP turbliM 
NttaHa) 
t 4 Miflht 
Suptrcnticti 
(In.) 


Lingth-*a (In.) 
t A HP ipMd 

t A HP turtin* eta* Might 
t ^ coMrataor cat# Might 
t 1 b«irnar/d1 f fusar Might 
t ^ conprtMor rotor 


Adv. Ttch. 
BdMilfIS 

1 

2 

3 

4 

5 

lN-718 

PA-101 

PA-101 

IN-718 

lN-718 

PS-404 

0 

♦7.0 

♦12 

♦45 

48 

-45 

16*$ 

59*7 

59*7 

50.8 

36.8 

50*8 

(0*6$) 

(2.35) 

(2*35) 

(2.0) 

(1.45) 

(2.0) 

Yts 

Y«l 

No 

Yot 

Yos 

Yot 

Stdsi 

T1 coup 

T1 c(»p 

Stool 

T1 coop 

Stool 

0 

-29 

-29 

-14 

-67 

•14 

Ytf 

lid 

No 

No 

No 

No 

15*2 

58.4 

58*4 

49.5 

35*6 

49*5 

(0.6) 

(2*30) 

(2.30) 

(1.96) 

(1*40) 

(1.96) 

1*04 (4U 

1.04 (41) 

1.04 (41) 

0*81 (32) 

0.81 (32) 

0*81 (32) 

0 

-25 

0 

•45 

0 

0 

0 

♦3. 255 

0 

46.55 

0 

♦15*675 

0 

♦3*255 

0 

423.455 

♦15.875 

0 

♦3.255 

0 

♦283.95 

♦266*65 

♦266.65 

0 

0 

0 

46.835 

46*835 

46*835 


Table XXXVI provides a breakdotm of weights aad prices by engine section for 
variation 2 of the baseline 3579 kW (4800 shp) STAX engine* This combination 
of weight and price provided the minimum DOC* 


TABLE XXXVI* - 3579 kW (4800 shp) (VARIATION 2) POWER SECTION AVERAGE 
RECURRING MANUFACTURING PRICE BY SECTION 

(1000 engines at 12/month In 1979 economics) 




Enolnd toctlon 

FW-Ag (Ibo) 

FW- 1 

teg (Ibo) 

Formrd support 

20.70 

(45*63) 



Axial cooprtssor rotor 

24.89 

(54.88) 



Axial coaprtstor c&sr 

30*35 

(66.91) 



lurnor/diffuttr 

19.16 

(42.23) 



HP turOInt rotor 

20*57 

(45.35) 

-1*20 

(-2.64) 

HP turbint COM 

9.75 

(21*49) 


LP turbint rotor 

19.29 

(42.53) 

-1.74 

(•3.83) 

LP turblnt cast 

24*11 

(53.16) 



Roar bumtr support 

18.21 

(40.14) 



Accy goarbox 

14.70 

(32.41) 



AcetssoHaa 

62.11 

(136*92) 



ToUl 

263781 

" (5H.6) 


(-6*5) 


Controls 

Assy* And Tdst (tpproft ISO hr) 


AwtrAgt rtcurHng wnufACturtr pHct 


HIF„, 

k 

Pr ict $ 

Basal Inc price- 

Riaarts 

4.47 

0.204 

9,406 


Um as basal Ina 

18.54 

1.018 

46,956 


witn tna axcaptlon 

16.27 

1.090 

50,242 


of CMposita HP 

23.86 

1.007 

46,493 


turbine unaals and 

32*35 

0.969 

43,440 

-1805 

blades Mnd borsic 

21*88 

0.469 

19,573 


titaniua lP turoina 

15*78 

0.671 

30,970 

♦ 448 

Shaft 

13.29 

0*706 

32,012 



7.89 

0.317 

14,522 



4,57 

0.148 

0,834 



4.J8 

0.596 

27,536 



U.W 

Tun' 

$^28,686 

'^357 



S4,2S7 

U.4SS 
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Turbin# Flow Path 


The turbine flow paths for the 1790 kW (2400 shp) and 3579 kW (4800 ahp) STAT 
engines are shown In Figures 28 and 29, respectively. The appreciable step-up 
In diameter of the LP turbines' first stage, in both engines, necessitates a 
relatively long annulus between turbines and precludes the incorporation of 
counterrotating turbines. 

The preliminary turbine designs for the STAT engine trade studies were made 
for the 1790 kW (7.400 hp) engine at SLS intermediate power and were scaled In 
the radial direction by the square root of the ratio of compressor Inlet air- 
flows for the 3579 kW (4800 hp) engine. Meridional chords of the gas genera- 
tor turbine were maintained when it was scaled up to the 3579 kW (4800 hp) 
siiie: however, the power turbine length was Increased slightly to maintain an 
acceptable flare rate at the outer wall of the flow path. 

The gas generator turbines were designed as two-stage axial flow units to keep 
stage equivalent work (Ah/^cr^ acceptable level of 54,638 J/kg (23.5 

Btu/lbm). A single-stage transonic (high work) turbine would have resulted In 
a stage equivalent work of 101,603 J/kg (43.7 Btu/lbm) and a stage expansion 
ratio of 5.323 (supersonic) which la higher than DOA advanced design practice. 
The flow paths were designed for nearly constant hub diameter and have cylin- 
drical, unshrouded rotor blade tips. Turbine average stage loading coeffi- 
cient (gJAh/Um^) was 1.6 and stage work was split 55 and 45Z for the first 
and second stages, respectively* The tsaxlmum Mach numbers reached In the ve- 
locity diagrams were high subsonic. 
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Figure 28. - STAT 1790 Uf (2400 hp) engine turbine flow path. 
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Figure 29. - STAI 3579 kW (4800 hp) engine curblne flow peth. 


The prellaloery deelgn study of the power turbines resulted In two**stege flow 
peths with constant hub diameter. Turbine exit area was sized to give an exit 
axial Mach number of 0.43 at the SLS point and the exit hub**to~tlp diameter 
ratio was set at 0.54 to give adequate rotor blade hub reaction, ^rational 
speed was calculated to give a turbine exit AN^ of about 5.4 x lO^^. The 
preceding design considerations directed the design to a two~stage flow path 
with an average stage loading coefficient of 1.6 to give the desired power 
turbine efficiency level. Power turbine work was split 55 and 45Z for the 
first and second stages, respectively, to minimize turbine exit swirl at the 
altitude cruise point. A short transition duct was required to diffuse and 
transfer the gas flow outward from the gaa generator turbine exit to the power 
turbine Inlet. 

A number of significant design problems are apparent for the advanced STA7 
engines. The problems believed to be most severe In our study of the power 
section were: 

o LP critical shaft speed and Its Impact on UP wheel design and lubrication 

system 

o Dovetail design limitations In small hub diameter engines 

o Design life (low cycle fatigue (LCF). stress rupture, oxldatlon/eroslon) 
of shorf^range mission hardtiare 

o Minimum cooling air passage size set ^ the present casting state of the 
art 

o Airfoil slze/helght from a manufacturli:g statdpulnt and off'deslgn sensl** 
tlvlty CO tip clearance. 
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lUdlal Inflow Turbint 


lo ord«r to luvaatlgat* tht potontlal porfonuac* laprovoaont of a radial in* 
flov turbina, auch a flow path waa conflgurad (aaa Flgura 30} for cha 1790 kW 
(2400 hp) angina* 

Tha raaulta of thia Invaatigatlon ahow: 

o Axial angina langth would not ba algnlflcantly raducad (2 In. dacrausad) 
ovar rhat with an axial turbina. 
o Turblnv' afflclancy la approxlaataly tha aaaa (84~86Z). 
o Small axlt hub dlaueter precludaa a concantrlc ahaft angina design. 

Tha daalrad afc payoff waa not reallzad, and thla type of turbina waa rajaccad 
for tha STAT anglnaa. Tha primary baoaflta of radial Inflow turblnaa are beat 
raallzad In amall* low praasura ratio anglnaa. A dlaadvantage for thla type 
of turbina la that high rotor apaada are required for the radial Inflow tur" 
blna which forcea the comprasaor to run at a apeed higher than optimum. 

Hybrid R otora, Compoalta Shafta, and Supercritical Shafts 

In modern, tvo^spool concentric ahaft gas turbines, the critical spaed of the 
LP shaft Influancas angina size and configuration. This becomes a dominant 
limiting feature as engine pressure ratios Increase, and airfoil hub diameters 
decrease, to maintain blade span. 



Figure 30. ■> STAT radial Inflow turbine 1790 kW (2400 shp) engine. 
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This Is s probisa la ths dstlgn of high pratsurs ratio saginsa, such as cha 
1790~ aud 3579 kW (24(H^ sad 4800 ahp) study aaglaaa* A trada study oa shaft* 
iag/whaal tachaology aas uadartakaa* It is iaportaat to aota «^al tachaology 
sad shaft tachaology aia iatagratad, hacausa tha HP spool whsals aust hava 
sufficiaat bora dlaaatar to claar tha LP shaft aad aay attacteaat faaturas* 
Savaral taraa usad ia this discussioa ara dafiaad as follows: 


Tara Faaturas or aatarial 

Stai^dard whaal lN-718 whaala with dovatalla 


Advaaced wheal Powar aatallu^y whaal aad dovatails 

Coaposita (hybrid) wheal Powdar aatallurgy wheal diffusioa boodad to a 

cast blade riag 

Ti**coaposiCe shaft Titaalua selectively straagthaaad with composite 

fibers 

Supercritical Used to describe shafting that, if siaply sup* 

ported, would hava less than 2SZ speed betifaen 
the first critical speed and the naaiaua oper* 
ating speed. Some type of device, i.e., bearing, 
aute, etc., would be used to restrain motion. 


As modem two*spool engine pressure ratios and RlTs increase to improve sfc, 
the HP spool speed increases and its diameter decreases. The axial length 
tends to be fixed and independent of diameter. 

A problem develops as this trend continues. Soon the ability of the designer 
to use dovetivils for blade retention on the wheels, and to use conventional, 
simply supported steel shafting for the LP shaft, is restricted. In the pre* 
limine ry flow paths referred to as the advanced biseline engines, it is not 
possible to configure a conventional technology wheel (conventional material 
and dovetails) around the minimum OD subcritical shaft suide of steel. 

A number of technology and configuration trades were conducted in the course 
of this study and resulting weight penalties weru assessed. The following 
items were considered: 

o Wheels 

Enhanced properties with dovetails 
Co^osite or HIP-bonded wheel/blade asaembliea 

o Shafting 

Composite or fiber*reinforced titaniios 
Supercritical shafting 


o Ceomral arrangement and speed 
Close coupled LP turbine 
Decreased HP spool speed 
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The fioal evaluations for critical shaft speed, with resulting Impacts on DOC, 
are given In Tables XXXVII through XL for the 3S79 kW and 1790~ (4800* and 
2400 hp) STAX engines, respectively* It will be seen that the combination of 
technologies for 1790 kW (2400 shp) engine No. 7 provides the biggest peyoff 
in DOC Improvement* This engine Incorporates composite wheels and shafts and 
cast*ln Impingement cooling* 


TABLE XXXVII* * 3579 kH SHAFT STUDY RESULTS (SI UNITS) 

1979 economics 

P0370-37 STAT 



ica1*d 

Base 

baseline 

1 

2 

3 

4 

a 

Is Is 

7 

8 

CycU 



*« 



1 

1 • 



12*7 

20:1 

20:1 

20:1 

20:1 

1 20:1 

j 20:1 

20:1 

20:1 

WT--K 

ISOS 

1505 

ISOS 

1505 

1505 

1 1505 

1 1S06 

1505 

1505 

SFC-M9/H-$ 

79.75 

66.23 

66.23 

66.23 

66.40 

\ 66.23 

67.42 

o7.42 

o7.42 

P 0 M 6 f stctlon ! 1 


381.5 

266.8 

268.3 

268.3 

268.3 

1 263.8 

1 293.7 

3U2.0 

J99.8 

Cost**$ 

276,752 

262,590 

265,514 

264,783 

264,607 

1 260,128 

1 313,170 

296,727 

291,080 


1*466 

1.466 

1.466 

1.466 

1.466 

1 1.466 

! 1.237 

1.237 

I.2J7 


0.503 

0.495 

0.495 

0.495 

0.495 

j 0.495 

t 0.759 
1 

0.759 

0.769 

« 1 

Gearbox I 1 

Miss— kg 

156.0 

156.0 

156.0 

156.0 

156.0 

: 156.0 

; 156.0 

156.0 

156.0 

Cost— 1 

59,000 

59,000 

59,000 

59.000 

59,000 

i 59,000 

1 59,000 

59,000 

59,000 

length^Hi 

0.255 

0.255 

0.255 

0.255 

0.255 

1 0.255 

1 0.255 

0.255 

0.255 

Ratio 

10.4 

10.4 

10.4 

10.4 

10.4 

1 10.4 

10.4 

10.4 

10.4 


ToUl$ 


Mass— kg 

537.5 

422.8 

424.4 

424.4 

424.4 

419.8 

a9.8 

458.0 

4b6.9 

Cost— S 

335,752 

321,590 

324,514 

323,783 

323,607 

319,128 

372,170 

355.727 

350,080 

Length— M 

2.644 

2.644 

2.644 

2.644 

2.6a 

2 . 6 a 

2.416 

2.416 

2.416 

01aMter**« 

0.503 

0.495 

0.495 

0.495 

0.495 

0.495 

0.759 

U.759 

0.759 

t A weight 


-21.3 

-21.1 

-21.6 

-21.6 

-21.9 

-16.3 

-14.8 

-15.2 

t ^ cost 


-4.2 

-3,3 

-3.6 

-3.6 

-4.95 

♦10.85 

♦5.95 

♦4.27 

1 length 


0 

0 

0 

0 

0 

-8.6 

-8.6 

-8.0 

t A dieaeter 


-1.5 

-1.5 

-1.5 

-1.5 

-1.5 

♦50.9 

♦50.9 

♦50.9 

% ASFC 


-16.9 

-16.9 

-16.9 

-16.7 

-16.9 

-15.5 

-15.6 

-15.5 

t AOOC 
Technology 


-7.16 

-7.04 

-7.09 

-7,02 

-7.27 

-2.67 

-3.25 

-3.48 

Configuration 


Axial 

Axial 

Axial 

Axial 

Axial 

Axial- 

cent 

AxUl- 

cent 

Axldl- 

cent 

HR turbine wheels 


Forged 

Net shape 

Net shape 

Net shape 

Coaposite 

Forged 

Forged 

Coaposite 

Shafting 


Super 

Coaposite 

Coaposite 

Coaposite 

Coaposite 

Steel 

Coaposite 

Steel 

First blade cooling 


lap/fi1a 

cast-in 

Iap/f11« 

tube 

lap/fila 
cast- in 

Convection 

lap/fila 

tube 

lap/^ila 
cast- in 

l^>/fila 
cast- in 

lap/fila 
cast- in 


The study of 3579 kU (4800 hp) engines did not encompass as many combinations 
of technologies as did that for the 1790 kW (2400 hp) engines* Engine No* 5 
exhibited the best DOC lmprovet;ent with composite shafts and wheels and tube- 
type Impingement cooling* If this engine bad cast-ln Impingement cooling. It 
would be expected that the percent change In DOG would be Improved an addi- 
tional 0.05Z. This Is substantiated by comparing the percent change In DOC 
for Engine No* 2 and No* 3, which differ In conf Igui^tlon only In the type of 
first blade cooling* 
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TABLE Xmill. - 4800 shp SHAFT STUDY RESULTS (CUSTOMARY UNITS) 


1979 economics 



P0370-37 

scaled 

Base 

STAT 

baseline 

1 

2 

3 

4 

fs 

"I 

7 

8 

Cycit 





* 

1 - 

1 - 
1 



12.7 

20:1 

20:1 

20:1 

20:1 

1 20:1 

1 

1 20:1 

20:1 

20:1 

SlT-*F 

22S0 

2250 

2250 

2250 

2250 

\ 2250 

1 2250 

2250 

2260 

SFC 

0.472 

0.392 

0.392 

0.392 

0.393 

1 0.392 

a 

1 0.399 

0.399 

0.399 

POMtr MCtlOA 1 i 


841.0 

588.1 

591.6 

591.6 

591.6 

J 581.6 

1 647.0 

o65.8 

eel *0 

Cost— S 

276,752 

262,590 

265,514 

264,783 

264,607 

1 260,128 

J 313,170 

296,727 

291,080 

Ungth— In. 

57.7 

57.7 

57.7 

57.7 

57.7 

1 57.7 

1 48.7 

48.7 

48.7 

01«ttr— In. 

19.81 

19.5 

19.5 

19.5 

19.5 

1 19.5 

\ 29.9 

b 

29.9 

29.9 

Gearbox I ! 

UeigRt— Ite 

344 

344 

344 

344 

344 

1 ^ 

J.4 

344 

344 

Cost*-! 

59,000 

59,000 

59,000 

59,000 

59,000 

1 59,000 

1 S9.000 

$9,000 

59,000 

Ltngth—1 n. 

10.02 

10.02 

10.02 

10.02 

10.02 

] 10.02 

1 10.0^ 

10.02 

10.02 

Ratio 

10.4 

10.4 

10.4 

10.4 

10.4 

) 10.4 

j 10.4 

10.4 

10.4 

Total s 1 1 

Weight— 1 bn 

lies 

932.1 

935.6 

935.6 

935.6 

! 925.6 

1 991.6 

1009.6 

1005.0 

Cost— 1 

335,752 

321,590 

324,514 

323,783 

323,607 

1 319,128 

J 372,170 

355,727 

350,080 

Length— In. 

104.1 

104.1 

104.1 

104.1 

104.1 

1 104.1 

( 95.1 

95.1 

95.1 

Olaaeter— in. 

19.81 

19.5 

19.5 

19.5 

19.5 

[,9.5 

1 29.9 

29.9 

29.9 

% A weight 


-21.3 

-21.1 

-21.6 

-21.6 

1 -21.9 

{ -16.3 

-14.8 

-15.2 

X A cost 


-4.2 

-3.3 

-3.6 

-3.6 

1 -4.95 

1 +10.85 

♦5.95 

♦4,27 

% A length 


0 

0 

0 

0 


1 -8.6 

-8.6 

-8*e 

t AdlaaeUr 


-1.5 

-1.5 

-1.5 

-1.5 

1 -1.5 

, *50.9 

♦50.9 

♦50,9 

% A5FC 


-16.9 

-16.9 

-16.9 

-16.7 

1 -16.9 

1 -15.5 

-15. a 

-15.5 

X AOX 


-7.16 

-7.04 

-7.09 

-7.02 

1 -7.27 

1 -2.67 

-3.25 

-3.48 

Technology 1 ! 

Configuration 


Axial 

Axial 

Axial 

Axial 

1 Axial 

1 Axlal- 

Axiil- 

Axlal- 

HP turbine whsels 


Forged 

Net shape 

Net shape 

Net shape 

) Coaposite 

1 cent 
1 Forged 

cent 

Forged 

cent 

Coaposlte 

Shafting 


Super 

Coi^site 

Coaposite 

Coapositc 

1 Coaposlte 

Steel 

Coaposlte 

Steel 

First blade cooling 


l^g/fila 

lap/fila 

Iinp/fila 

Convection 

1 lap/fila 

1 lap/flla 

lap/flla 

lap/flla 


cast-in 

tube 

cast- In 


^tube 1 cast- In 

cast-in 

cast- in 


An additional benefit is available for turbine blades with cast-in Impingefflent 
cooling passages, as a greater percentage of tht. t;heel rim is available for 
blade retention. This Is due to the smaller blade dovetail and resultant In- 
crease In spacing of dovetail slots in the wheel rim. 


As engine size decreases, the practicality of using dovetail blade attach- 
ments, In both compressor and turbine, decreases. In the case of our advanced 
baseline engines, the presence of cooling features (i.e., impingement-cooled 
first blade) complicates the picture. A preliminary dovetail was sized for 
the first turbine blade: however, space for impingement tube passage is mini- 
mal. 


Thermal Barrier Coatings 


Thermal barrier coatings show greatest promise in very high temperature en- 
gines. Their effect is greatest where high gas side-to-metal temperature 
gradients are required. 
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TABLE XXXIX. - 1790 kW SHAFT STUDY RESULTS (SI UNITS) 



TABLE XL. - 2400 shp SHAFT STUDY RESULTS (CUSTOMARY UNITS) 




An analysis of cooling flows in the 1790 kW (2400 shp STAT engine indicates 
the coating would reduce chargeable cooling by 20%; however, the Increase in 
airfoil thickness reduces turbine efficiency due to the blockage effect* Us- 
ing sensitivity factors for DOC versus cooling airflow and turbine efficiency, 
the following negative impact is shown: 


% A DOC 

-1%^ HP turbine 4*1.25 

-20% A cooling -1*10 

Net impact 40*15% DOC 


A similar loss characteristic would be experienced by the 3579 kW (4800 shp) 
STAT engine* 

The assumptions used in this analysis are: 

o The blade life is constant if metal temperature is held constant* Here we 
chose not to evaluate the effect of Increased blade load through the ce- 
ramic mass* 

0 A constant thickness coating was assumed over the entire airfoil* 
o The effect of changing coating thickness through erosion was not accounted 
for in life calculations* 

0 The surface finish of the coating is the same as that for the uncoated 
blade* 

It should be noted that independent industry test programs have shown that 
turbine airfoil coatings in the unpolished state tend to have a rougher finish 
than the parent metal* In some cases, this rougher finish can cause the re- 
verse effect of making the airfoils hotter with the coating than without* 

Ceramics 


DDA is involved in programs to develop ceramics for gas turbine engines* 

These efforts are directed to two areas: solid, monolithic structures, and 

coatings. The solid, monolithic structures, such as turbine vanes and blades, 
show the greatest promise in reducing airfoil cooling airflows* For our STAT 
advanced technology engines, total chargeable cooling airflows could drop by 
4.5% of engine airflow. This is a 45% reduction from the advanced baseline 
cycles* 

Within the time frame specified for STAT engines, however, monolithic ceramic 
components were not considered due to current state of the art plus normal 
time for design, procurement and test ahead of full development release in 
1988. 
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Ceranlc coatings hava raachad a higher level of development than monolithic 
atructurea* Coatings for airfoils and end~wall insulation have been used In 
some advanced experimental engines at DDA. In addition, an abradable ceramic 
coating has been tried for first- and second-stage tip shrouds. The coating 
used was eroded severely In less than 35 hours of engine operation. The vane 
airfoil coatings have had some success in experimental engine operation; how- 
ever, the resistance to environmental particulates needs improvement. Cerailic 
coatlitgs were, therefore, not considered. 

Cast-ln-Implngement Cooling 

Cooling air distribution through turbine blades by means of transpiration via 
Lamllloy Is very effective where the airfoils are large enough for trailing 
edge blockage effects to be minimal. The airfoils In the STAT engines are too 
small for this consideration, and employ Impingement cooling Instead. 

Presently, all DDA production air-cooled airfoils (blades or vanes) are made 
by an Investment casting process using cores to form the internal passages. 

At present the minimum core size is limited by the strength of the core mate- 
rial. In addition, some air-cooled airfoils use impingement cooling to in- 
crease cooling effectiveness. The small size of some airfoils makes it diffi- 
cult to manufacture and assemble sheet metal tubes small enough to fit within 
them. 

One method of circumventing the tube problem is to cast-in the impingement 
airflow passage, as shown in Figure 31. This is done by inserting quartz rods 
between core sections. The rods are removed from the casting chemically, 
leaving the required impingement holes. This method has the advantage of pro- 
viding more load-bearing metal area within the same airfoil contour. A simple 
costing study indicates a $595 savings per stage for the small engine, and 
$741 for the 3579 kW (4800 shp) engine. Since the first vanes and second 
vanes will most likely require Impingement cooling, the cost reductions become: 


Rated power— kW (shp) 1790 (2400) 


3579 (4800) 


$ A engine cost 1190 1482 

X A engine cost -0.580 -0.494 

X A DOC -0.063 -0.064 


There should be additional savings to the engine via lowered cooling flows and 
improved life inherent with this configuration. This results from having a 
structural load-carrying member Isolated from the gas side temperatures. 

Long Life Bearings 

The main bearings incorporated throughout the STAT engines will exhibit a much 
greater load carrying capability and fatigue life than those in current tech- 
nology engines. This improvement may be brought about in part by research in 
the characterization and control of forging flow lines and end grain areas In 
bearing balls. 
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Figure 31* - Airfoil Impingement cooling* 


In the case of the STAT reduction gear main bearings, DDA studies show that an 
Improvement In the Inherent premature removal rate of approximately 57Z Is 
possible by this method* This equates to a reduction in engine maintenance 
cost of 1«1Z, and resulting decrease In DOC of 0.112 for the 1790 kH (2400 hp) 
STAT engine, and 0.14% for the 3579 kW (4800 hp) engine. 

Clearance Control 

If the STAT HP turbines were straddle'-mounted, the second stage clearance 
would reduce by 0.0013 In. and the first by 0.0008 in. The Increased weight 
and cost of the required bearing support would penalize the engine. The fol' 
lowing table assesses the penalties and payoffs: 


Rated power~kW (hp) 

X A Weight 

X A Cost 

XA sfc 

X A DOC 

1790 (2400) 

+3X 

+3.6X 

-.31X 

+.345 

3579 (4800) 

+3.6X 

+3. IX 

-.31X 

+.399 


There Is, therefore, a DOC penalty rather than an Improvement, If the UP tur 
bines are straddle**mounted. 
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The most critical feature required of an active clearance control system for a 
short~haul aircraft Is a quick response to transients* Systems that do not 
respond rapidly to transients, such as the general class of thermally actuated 
systems, will not be cost effective In small transport aircraft* 

Most active clearance control systems considered previously have mechanically 
driven tip seals* For this study, consideration has been given to a simple 
system to axially translate sloped tip seals as shown In Figure 32* This de~ 
vice would be activated by the electronic control and would be continuously 
adjusted to maintain the safe, minimum clearance during the entire mission* 

The turbine flow path for a current gas turbine under development at DDA Is 
similar to both the 3579“ and 1790 kW (4800- and 2400 shp) STAT engines with 
respect to shape and blade height* The blade heights of the first and second 
turbine stages of this engine are approximately 1*32 and 2*13 cm (0*52 and 
0*84 In*), respectively* Using the general relationship that for each change 
In clearance equal to IZ of blade height, a 2Z change In turbine stage effl“ 
clency results, then gasifier turbine efficiency changes IZ for each 0*13 mm 
(0*0052 In*) change In first-stage clearance, or 0*21 mm (0.0084 In*) change 
In second-stage clearance* 



As uncrosshatched member moves to 
right or left, blade tip clearances 
at A and 6 decrease or increase, 
respectively. 

TE80-2053 

Figure 32* - Active clearance control — turbines* 
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The clearance of the first blade la analleat during start and wamuo* This 
results In approxlMtely 0*16 m (0*0062 In*) additional clearance during 
nomal running operation* and a 1*2Z loss In gasifier turbine efficiency* The 
second'stage blade clearance Is also least during start, resulting In an addl* 
tlonal 0.19 mm (0*0074 In.) change In clearance* This penalised the gasifier 
turbine efficiency an additional 0.88Z* Total gasifier payoff is thus esti- 
mated to be 2.08Z* If we assume that an active clearance control system would 
eliminate this penalty, the sfc would Improve by 2.3Z, and DOC would decrease 
by 0.89Z If the weight and cost penalties are not Included* 

Based on approximations of system weight and cost, the following results would 
be obtained for the STAT engines: 


Rated power— kW (hp) 

Z A Height 

Z A Cost 

Z A sfc 

Z A DOC 

1790 (2400) 

+1*7 

+5*7 

-2*3 

-0*284 

3579 (4800) 

+1.6 

44*8 

-2.3 

-0.137 


As an alternate to an active clearance control, thermal matching offers a lotr- 
er risk, albeit lower payoff means of clearance control. DDA development ex- 
perience has shown that Increased attention must be paid to transient response 
of rotor and stationary elements* Specifically, the HP rotor case material 
was changed for a current DDA development engine, and the transient-induced 
running clearances were reduced from 0.16 to 0.06 mm (0.0062 to 0.0025 In.) 
for the first stage, and from 0*19 to 0*13 mm (0*0074 to 0.005 In.) for the 
second stage* 

Given sfc sensitivity to turbine clearance, such reductions in the STAT en- 
gines should Improve sfc by IZ, reduce DOC by 0.35, and 0.31Z for 3579- and 
1790 kW (4800- and 2400 shp) engines, respectively* 

Leakage Control 

The STAT engine turbines will use paired step-seals to minimize air leakage 
and stage bypass flow. This technology promises a 10 to 20Z reduction In flow 
for the same number of seal elements. The primary technology advancement re- 
quired to achieve this benefit lies In the modeling of the labyrinth seal 
flows analytically Instead of through experimental test. 

Abradable Turbine Coatings 

Two reasons for using abradable coatings in the turbine blade tip path have 
been identified. The first Is In making the engine more tolerant of turbine 
rotor offset caused by normal production tolerances. The second is to mini- 
mize requirements allowing for extreme transient conditions, thus increasing 
safety because of the ability to have extreme transients and not experience 
major structural damage. These reasons apply whether the turbine incorporates 
active clearance control features or not* 
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A current DDA development engine Incorporetes abradable turbine aeala* Thla 
engine would be expected to experience 0.019 negative growth during an eaer* 
gency ahutdotm. If the blades were running with a nonabradable seal surface, 
they would most likely be severely damaged. The additional claarance running, 
to avoid shutdown damage, causes an unacceptable sfc penalty to the engine. 
Incorporation of abradable seals, however, could provide the following typical 
Improvement In OOC: 


Rated power--kW (hp> 

ZA Weight 

Z A Cost 

Z A sfc 

Z A OOC 

1790 (2400) 

-5.0 

-8.0 

-0.8 

-1.046 

3579 (4600) 

-6.0 

-6.0 

-0.8 

-1.212 


Two methods are under consideration for the use of abradable coatings~to de~ 
velop a truly abradable coating for conventional blades, or to combine a part- 
ly abradable coating with abrasive tip blades. The state of development In 
this area would Indicate this Is a high risk technology for commercial engine 
development . 

One method currently used to maintain close tolerance turbine blade tip clear- 
ance is to line-bore the rotor bearing support cavities with the structural 
members assembled sans the rotor. This is a costly process which could be 
eliminated If abradable seals were available. An additional payoff for abrad- 
able coatings is the fact that safety Improves without sacrificing perform- 
ance. In both STAT engines, the penalty In performance to design for center- 
line offset and emergency shutdown could not be accepted. 

Design Life 

The standard practice for turbine blades is to coat them with materials to 
provide protection from sulfidation and other forms of corrosion, and thereby 
assure long life. The limiting feature of the hot section, as far as overhaul 
time, is the life of the blade coating. Based on available materials data, an 
airfoil will require two to three recoats during its life. 

A study of first-stage turbine blade life was conducted. An analysis of cool- 
ing air requirement sensitivity to changes in pressure ratio, EIT, and cooling 
air temperature is sho«m in Figure 33. The Impact of cooling airflow on life 
of the first-stage blade is shown in Figure 34. 

A study was also made of the impact of increasing turbine wheel strength 
(weight) on LCF life. This sensitivity is depicted on Figure 35. It should 
be noted that no design restraints have been considered in limiting the size 
of the wheel while increasing its weight. 
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Percent change parameter 


TE80-2050 


Figure 33. " STAX £irst**ttege blade sensitivity of cooling flow to turbine 
temperature, pressure ratio, and cooling air temperature. 



Percent ehonge, Ufe 


TE80-2051 


Figure 34. - STAX £lrst**stage blade sensitivity of cooling flow to life. 




Figure 35* “ STAX wheel life versus percent change In wheel weight. 


Bearings 

Tapered Roller Bearings 

Tapered roller bearings have been suggested as substitutes for conventional 
ball thrust bearings used In most modern gas turbine engines. These bearings 
have calculated life Improvements of at least SOZ above the ball bearings they 
replace. However, It Is necessary to Install matched pairs of tapered roller 
bearings In the place of a single ball bearing with the attendant Increase In 
cost, parts Inventory, maintenance effort, etc. Therefore, It Is Judged that 
DOC would not benefit appreciably from this technology. 

BerylllunfBackad Bearing Races 

In our STAT engine sizes, berylllum-backad bearing races would have a small 
payoff since the primary benefit Is weight reduction. In large engine gear'- 
boxes, the bearings have more dominant design limitations, and a stronger pay- 
off would be expected. 
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Dlfftt«Tt/Coabu«tot» 


Combustor flow paths wars sstsbllshsd In both STAT unglns sisss by scaling 
axistlM combustors* Both anginas havs annular combustors produced with *Lam~ 
llloy® technology* Ths Isrgs angina usas a scralght->through annular coatus*^ 
tor* Tha small angina has a fold hack design chat takas advantage of a da> 
craasa In angina length available with no Increase In power section frontal 
area* This Is possible due to Its compressor dl'jcharge being radially out* 
ward and not axial* 

Several diffuser and combustor advance technologies were suggested as trade 
study elements* Of these* the *DrCex*controlled diffuser (VCD) and cransplra* 
tlon*cooled Lamllloy combustor were utilized since they were the subject of 
recent DDA life cycle cost studies under Air Force contract Mo. F336S7*77*C* 
0425* A description of these technologies and their Impact on engine weight, 
cost* performance* etc* la contained In the final report for this USAF con* 
tract*^)** 

The VCD (shown In Figure 36) Is a very short diffuser with 3 major flow paths 
In lieu of 5 utilized by current 3*pasaage diffusers* Inner and outer bound* 
ary layer control Is varied by selecting optimum ratios of Inner and outer 
bleed* The VCD Is applicable to the larger STAT engine and offers an Improve* 
ment In engine performance (0*3Z SFC) as a result of a decrease In total pres* 
sure drop across the component* as shown In Figure 37* The VCD also requires 
less axial length (1*9Z) than the conventional diffuser* thereby saving engine 
weight (0*9Z) and reducli^ Its acquisition cost (1*7Z)* 

Using the sensitivity values established previously* the following DOC Im- 
provements would be achievable In the LCC 50*pa8senger transport with 3579 kW 
(4800 hp) engines Incorporating a VCD: 



sf c 

Cost 

Weight 

Length 

TotAl doc 

A**X (Engine) 

*0*3 

*1*7 

*0*9 

*1*9 

— 

adoc**x 

-0*105 

*0*068 

*0*027 

*0*034 

*0.234 


Lamllloy Is a DDA*developed and patented quacltransplratlon cooled structural 
sheet material. It Is fabricated by bonding together t«ro or more layers of 
material that have been etched to form a complex Internal flow path as shown 
on Figure 38. The Incorporation of a Lamllloy* two*stage transplration*cooled 
combustor In an advanced technology engine provides both weight (2*2Z) and 
price (1.5Z) savings* 


^Lamllloy Is a registered trademark of the General Motors Corporation. 
**Nufflbers In parentheses refer to references listed at the end of this report. 
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Figure 36* * DDA diffusers 


0.3 0.4 0.5 

OiNuMT 


TCt0-20ltA 


Diffuser pressure loss results 


Figure 37 




Laminate No. 3 


Laminate No. 2 


Laminate No. 1 


TE-713C 


Figure 38. - Transportation-cooled Laallloy. 


Ra ted power — kW (hp) 
1790 (2400) 

3579 (4800) 


Z A Weight 
- 2.2 
- 2.2 


Z A Cost 

-1.5 

-1.5 


Z A DOC 
-0.224 
-0.260 


A second-order advantage of the Lamllloy combustor Is the reduced requirement 
for turbine cooling air and Improved reliability cf the UP turbine as a result 
of the Improved burner out temperature (BOT) profile. Also, the reduced com- 
bustor cooling al" requirement of Lamllloy makes available more airflow for 
combustor outlet temperature pattern adjustment. 

Accessorle .» 


Control Systems 

Preliminary conceptual d^'slgn studies weie Initiated to Identify advanced 
technology control systems for the STAT advanced technology engines. The cri- 
teria for these systems were Improved reliability, reduced cost and weight, 
and 'mproved rslntalnablllty as compared to current product..on engine con- 
trols. The control systems would cocsider total propulsion system require- 
ments to provide for overall thrust management /protect Ion through all required 
operational conditions. 
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Th« control and fuel ayaten will be configured to uae an advanced technology 
digital electronic controller for all required logic and conputatlonal re” 
qulrementa for the engine and propeller operation. 

The Integrated propulalon control ayatem will be dealgned for high reliability 
to require leaa oalntenance than current ayatema, conalatent with the require** 
Bent a of lower ICO and high dlapatch reliability. The control ayatem will 
Include the follwolng featurea: 

o Integration of control functlona of engine and propeller to mlnlalze num** 
bar of ayateaa component a 

o Utilization of a full-authority digital electronic controller Incorporat- 
ing advanced, low coat, low power, large acale Integration, aolld-atate 
component a for high reliability for control of both the engine and the 
propeller 

o Utilization of advanced, almpllfled fuel pumping and metering components 
for low cost and weight reduction 

o Self-check capability to detect and provide indication of the occurrence 
of a malfunction of any of the separate control system components. 

o Optimum location and mounting of the control system components for easy 
access for routine maintenance and replacement and In a suitable thermal 
and vibration environment for long life 

o Provisions for remotely actuated devices for all adjustments that may be 
required In service 

o Provisions for automatic thrust management incorporating ability to select 
and oialntaln a number of power control modes for maximum efficiency (take- 
off, maximum climb, maximum cruise as a minimum) 

o Provisions of interface with a diagnostlc/condltioc monitoring system sen- 
sors for engine health monitoring 

o Provisions for Interface, through digital data link, with the airframe 
flight control systems 

Engine Condition Monitoring 

The design objective of the STAT propulsion systems will be Che achievement of 
on— condition maintenance whereby scheduled overhauls are eliminated and in- 
spections are minimized. This alone has the potential of eliminating 40Z of 
the current engine, reduction gear, and propeller maintenance cost. A condi- 
tion that will facilitate the Implementation of this maintenance coucept In 
commercial aircraft service Is Improved fault detection and Isolation via 
diagnostics to identify Impending problems so that corrective action can be 
taken prior to failure. 

To show the advantages of using condition monitoring, an estimation of the DOC 
and laalntenance cost savings for the STAT engines Is shown below. 


Engine rating— kW (shp)/SLS 

Maintenance cost savings— S A 
DOC Improvement— Z A 


1749 (2345) 

-13.5 

-1.4 


3544 (4752) 

-19.2 

-2.5 
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A clearly defined on~condition maintenance concept will be developed in con* 
junction with potential user airlines and the aircraft designers. Thesa con* 
cepts will take into account maintenance access tistes. likely available skill 
levels, and support equipment. Thus the propulsion system, aircraft, and air* 
line operations can be designed to derive the benefits of condition monitoring 
equipment. Such equipment can provide an early indication of malfunction and, 
especially, pinpoint the specific component needing maintenance, thus reducing 
secondairy damage and eliminating shot*gun maintenance of control/accessory 
components. 

Propulsion system condition monitoring provisions will be incorporated in the 
STAT engines to permit detection of impending malfunctions and to define the 
required maintenance action. Early detection and correction o2 potential pro* 
blems result in improved aircraft safety and reliability. Transducers, which 
are req .ed to measure component pressures, temperatures, and positions, 
along wiwti the associated wiring, will be integral parts of the electronic 
fuel control system. 

Advanced technology sensors will be incorporated into the STAT engine condi* 
tion monitoring systems. These sensors, which are yet to be developed, in* 
elude those for optical speed and temperature measurement. In addition, ad- 
vanced low cost compressor discharge pressure sensors and long life gas stream 
termperature sensors will be incorporated in the STAT control and condition 
monitoring sy terns. 

Integration of the control system and engine condition monitoring system into 
a single electronic system will save engine weight and cost to an extent that 
could make the following impact on DOC. 
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Rated power~kW (hp) 


% A Weight I A Cost 


X aDOC 


1790 ( 2400 ) 
3579 ( 4800 ) 


- 1.0 - 4.0 *.460 

- 1.0 - 4.0 -.546 


Noise Reduction 

The STAT engines with their advanced technology, high pressure ratio cycles 
will have to be designed so as to minimize their fore and aft noise signatures 
in order to meet federal regulations and satisfy public demands. If suitable 
noise suppression technology was not available when the STAT engines were de- 
signed, they would V.ave to incorporate inlet and exhaust duct acoustic treac- 
isent. With the noise reduction technology available, however, the following 
impact on DOC might be obtained by removing the duct treatment: 
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Rated power~*kW (hp) 

X A Weight 

X ACost 

X Asfc 

X A DOC 

1790 (2400) 

-14.0 

-1.0 

*0.3 

-.624 

3579 (4800) 

-19.0 

*1.0 

*0.3 

-.804 


Th« above analysis gives an insight into the payoff to be realised by develop* 
ing the technology required to quiet an advance technology engine without re* 
sorting to acoustic duct treatment. 

Reduction Gear 


In considering the various ways to mount a turboprop reduction gear to a po«ier 
section« the following alternatives are available: 

Remote mounted versus integral with engine frame and concentric versus off*set« 

There are four possible combinations with the noted alternatives. The choice 
of the "right" one depends on an assessment of its impact on the following: 

o Weight 

o ConplexiCy**ef feet on reliability and maintainability 
o Effect on engine inlet; i.e. an integrally mounted concentric gear box 
could be high in air losses and therefore not be the best choice, 
o Air frame structural requirement; i.e. an offset remote mounted gearbox 
allows the main wing structure to be aligned with the propeller thrust 
center line. Another consideration is the desired location of the landing 
gear. If it were to be in a wing*mounted nacelle > this would impact the 
desired propulsion system arrangement, 
o Location of, and access to, air frame*required engine driven accessories. 

The scope and timing for this STAT study did not permit the full evaluation of 
the gearbox/power section combinations and their impact on the above factors. 

It was, therefore, decided to select different arrangements for the two STAT 
engines which were plausible and would permit full evaluation of both at a 
later date. 

1790 kW (2400 hp) STAT Engine 

The 0.5 Mach number flight speed of the Ames aircraft was suitable for a con* 
ventional propeller. From the NASA* furnished referenece (2), a design propel* 
ler speed of 1250 rpm was obtained. The 1790 kW (2400 shp) engine LP turbine 
speed of 23,900 rpm established a reduction gear ratio of 19.1:1. A split* 
torque planetary reduction gear system was well suited for this ratio. The 
small overall diameter of this system fit well with the integral, concentric 
design and permitted a short, compact and lightweight engine design. A 
thorough study of the inlet configuration would be required to provide the 
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desired engine pressure recovery, to avoid a high surface'~to~flotr*area rela- 
tionship for the annular scoop, and to improve the level of propeller super- 
charging. 

Aircraft secondary power systems and the engine accessories will be separated 
to allow engine removal without removal of the aircraft systems* This is ac- 
complished throuflfi the use ‘of a remote gearbox with a simple mechanical coup- 
ling for the aircraft sytema drives. The propeller control is located on the 
gearbox forward housing. 

3579 kW (4800 hp) STAT Engine 

The 0.7 Mach number fli^t speed of the LOG transport led to the selection of 
an advanced propfan propulsor (3) for this application. The propfan, with 
higher disk loadings and rotational speeds than a propeller, had a beneficial 
impact on the gear train. The power turbine speed of the 3579 kW (4800 shp) 
engine is 17,7oO rpm, which with the propfan speed of 1710 rpm establishes a 
reductior a-.* ratio of 10.4:1. This lowered ratio permits the use of a dual- 
compounc icier gearbox. This configuration has fewer gears and bearings and a 
load-sharing capability to equalize gear and bearing loads. Also, the gear 
ratio can be altered within a given gear case by simple replacement of the 
idler set. 

This engine incorporates a remote-mounted offset gearbox which provides maxi- 
mum reliability and installation flexibility. The offset output shaft design 
permits locating the propfan thrust axis near the wing centerline. Propfan 
blade tip ground clearance is improved by the offset arrangement. The offset 
also affords the use of a scoop inlet, which provides higher pressure recover- 
ies than the full annular type. 

The propfan controls are located on the aft side of the gearbox facilitating 
propfan/gearbox/engine integration. A drive is provided for a remote aircraft 
accessories drive module. 

Hi{^ reliability and low maintenance costs are projected based upon the low 
number of powertrain gears and bearings, the simplified accessory gear train, 
and Che remote aircraft accessories module. 

Composite Materials 

DDA designed and produced three composite T56-type reduction gear cases in Che 
late 1960s, and demonstrated the technical feasibility of this approach* The 
DDA cases were produced by inserting composite preforms with directionally 
oriented fibers in a closed-form die* The ease thus had local stiffening* 

The most significant problem with this type of material was the excessive cost 
resulting from the hand labor involved. 

Epoxy-based materials have severe temperature limitations (generally 256 K 
(400"F)). Within this constraint, few engine components could use this tech- 
nology* The only locations acceptable would be within, or forward of, the 
compressor inlet housing, and the payoff is a small weight reduction. 
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Accencion has recencly turned to composite cases since the cost of fiber has 
dropped by a factor of 3 since 1970. It has been estimated that the follovr* 
ing advantages may be achieved with composite gear cases: 

o Cost: 0 to lOX reduction 

o Weight: 0 to 20Z redcution 

Based on OOA's TS6 composite reduction gear case experience, the most optimis* 
tic DOC payoff for a composite reduction gearbox appears to be: 


Engine size 


1790 kW (2400 shp) 


3579 kW (4800 sho) 



Gearbox only 

Engine 

Gearbox only 

Engine 

% A cost 

-2.4 

-0,43 

-2.4 

-0.29 

% A weight 

-4.7 

-1.63 

-4.7 

-1.48 

Z ADOC 

— 

-0.291 

— 

-0.20 


Steel Gear Teeth With Titanium Web And Shaft 

This technology has its payoff in an approximate 20% saving in gear weight. 
Except for V/STOL aircraft where weight is a significant DOC driver, this 
technology does not have an appreciable payoff. The gears would be much more 
expensive and probably show an increase in DOC, if a detailed analysis were 
possible. 

Finite Element Gear Analsvs 


This technology, or design tool, should reduce redesign effort of gearing and 
case designs. This is especially true where computer graphics systems supple** 
aent the use of three**dimensional finite element techniques. Development of 
this design tool is a natural extension of systems now in use by industry, and 
little development should be required. Although engine development effort is 
slightly reduced by the technology, no appreciable DOC benefit can be identic 
f ied. 

Super-Plastic Formed Titanium Housings 

Super-plastic formed titanium housings represent a small potential weight sav- 
ings and, therefore, would have a marginal DOC benefit to the STAX engines. 

Advanced Lubricants 


Primary lubricant development efforts are Hrected toward higher temperature 
capability. In the STAX commercial engines, higher temperature capability is 
not an important driver. 
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Other 


Modular Conet met Ion 


The ant Ira propulsion systam will ba dasignad using nodular concepts so that 
failures and resulting reaoval and repair can ba restricted to small equipment 
packages with little or no disturbance to the rest of the propulsion systems, 
thus avoiding additional maintenance/shop costs and the opportunity for main- 
tenance errors* 

The benefits of modularity Include ease of line maintenance, shorter line and 
shop maintenance repair times, and reduced spare parts requirements* These 
factors. In turn, reduce aircraft delay times necessitated by component re- 
placement* The price paid for concessions to achieve modularity will. In some 
cases. Include a small weight Increase due to incorporation of qulck-dlscon- 
nect features* Another penalty to consider In determining the extent of mod- 
ularity attainable Is the Increase in turbine blade tip clearances due to the 
elimination of line boring major structural members. This was discussed 
earlier under Clearance Control . Both of these considerations, though not 
quanltlfed during this study, are judged to be more than offset by the advan- 
tages of modularity to maintainability* 

Remote Accessories 


Accessory drives will be isolated and modularized so that Che engine or reduc- 
tion gearbox can be removed without removlns most accessories. Also, required 
maintenance to such modules as accessory drive gearboxes will be performed 
without removal of Che engine or reduction gearbox. The objective will be 
minimal equipment removal and disturbance, to perform a maintenance action. 

Advanced Propellers 

Technical evaluation of advanced propeller concepts was accomplished by Hamll- 
Con-Scandard and McCauley under contract to NASA for future commuter /local 
service aircraft. Advanced propellers were studied for application at cruise 
speeds of 0*7 M{| and 0.47 M}|* At 0.7 baseline current technology 
propellers were referred to the Lockheed Electra application data base using 
two types of airfoil construction, namely, solid aluminum and the more recent 
spar-shell technique* Advanced STAT propellers for the 0.7 M{) application 
featured advanced composite construction, proplets, and precision synchroniza- 
tion with an Increase In the number of blades from four to six for the same 
power Input and diameter. The advanced propellers operated at lower tip 
speed. Cruise effeclency wac Improved from 78. 6Z to 85. 6Z (an Improvement of 
8.9Z), while the fuselage acoustic weight penalty was reduced from 6Z of air- 
plane empty weight for a cabin noise level of 98 dB OASPL, to 3.3% of airplane 
empty weight at a reduced cabin noise level of 83 dB OASPL. Along with these 
Improvements, propeller weight was reduced 28% from the solid aluminum and 3Z 
from the spar-shell current technology propellers. Advanced propeller OEM 
costs were higher by 17Z than the current technology spar-shell type, which Is 
52Z Tiore costly than the solid aluminum type. Evaluating these factors in the 
DOA 0.7 Mi( airplane model results in the Improvements for the advanced STAT 
propeller, compared to the current technology with solid aluminum airfoils, as 
listed In Table XLl. 
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TABU XLI. ATE STAT PROPELLER IMPROVEMENTS FOR THE HIGH SPEED AIRCRAFT 



Base 

Value 

% 

Change 

Empty 

Weight 

%A 

Flyaway 

Cost 

%A 

Block 

Fuel 

%A 

DOC 

%A 

Prop fuel average efficiency 
(Avg. of climb and cruise) 

.797 

+6 

-0.5 

-0.4 

-6.5 

-2.4 

Acoustic weight fraction 
(% of empty weight) 

6.0 

-45 

-3.8 

-0.8 

-1.5 

-0.9 

Propeller weight fraction 
(Z of gross weight) 

4.6 

-28 

-2.9 

40.6 

-1.1 

-0.8 

Propeller OEM price fraction 
(% of aircraft cost) 

1.8 

+78 

— 

+2.3 

— 

40.4 

Net Change* 

— 

— 

-7.2 

+0.5 

-9.1 

-3.7 


*Refer to Tables X, XI, and XII for base values of DOC, Block Fuel, Flyaway 
Cost, and Empty Weight for the high speed airplane* 


Thus the advanced STAT propeller for ch 0.7 M{) airplane results In net Im- 
provements In DOC of 3.7Z, In block fuel of 9.1Z, and In empty weight of 7.2%, 
while increasing flyaway cost O.S%. In addition, cabin noise level was re- 
duced from 98 dB for the current prop to 80 dB OASPL for the advanced STAT 
prop. 

At 0.47 Mjf, current technology propellers are the standard general aviation 
type employing solid aluminum blades with circular shanks. Current technology 
also Include an improved type using lighter weight spar-shell construction and 
more efficient airfoil shaped shanks. The Improved propeller efficiency Is 3 
percentage points better at cruise than the standard, 15% lighter In weight, 
but costs about 44% more. The advanced STAT propeller for the 0.47 M); ap- 
plication (compared to the Improved general aviation propeller) features prop- 
lets and precision S3mchronlzatlon with an increase in the number of blades 
from three to six for the same horsepower. Cruise efficiency was improved 
from 87*5% to 92.3% (an Improvement of 5.5%) while the fuselage acoustic 
weight penalty was reduced from 4.5% of the airplane empty weight to 0%, while 
holding the 85 dB cabin noise level. These improvements resulted In an In- 
crease In weight of the advanced STAT propeller compared to the Improved cur- 
rent type, as well as an Increase In cost. Weight Increased 20.3% and cost 
Increase 155%. Evaluating these factors In the DDA low speed 50 passenger 
airplane results In changes in DOC, block fuel for the 185.2 km (100 nm) seg- 
ment, flyaway cost, and empty weight for the advanced STAT 0.47 propeller 
compared with the Improved current type, as listed In Table XLII. 
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TABLE XLXl. ATE STAT P TELLER IMPROVEMENTS FOR THE LOW SPEED AIRCRAFT 



Base 

Value 

% 

Chanse 

Empty 
Weight 
% A 

Flyaway 

Cost 

%A 

Block 

Fuel 

%A 

DOC 

%A 

Prop fuel average efficiency 
(Avg. of T.O. 4 X cruise) 

0.811 

♦7.3 

-0.8 

-0.6 

-8.0 

-3.1 

Acoustic weight fraction 
(% of empty weight) 

4.5 

-100 

-7.1 

-1.7 

-3.2 

-2.1 

Propeller weight fraction 
(% of gross weight) 

2.7 

+20.3 

♦1.3 

♦0.2 

1 

o 

• 

♦0.3 

Propeller OEM price fraction 
(% of aircraft cost) 

1.3 

♦155 

— 

♦3.2 

— 

♦0.8 

Net Change* 

— 

— 

-6.6 

♦1.1 

-10.5 

-4.1 


*Re£er to Tables X, Xlll, and XIV for base values of DOC, Block. Fuel, Flyaway 
Cost, and empty weight for low speed airplane. 


The advanced STAT 0.47 M^^ propeller resulted in significant gains over the 
improved current technology type when considering the desired cabin noise 
level of 85 dB OASPL. The new propeller resulted in improvements of 4.1Z in 
DOC, 10. 5Z in block fuel, and 6.6Z in empty weight while increasing acquisi** 
tion cost 1.1%. 

Turbofan Engine 

The possibility of using turbofan powerplants for STAT was reviewed. The most 
likely opportunity was judged to be for the high speed airplane. Combining 
the performance of the advanced STAT propeller previously discussed with the 
performance of a high pressure ratio turboprop engine at 0.7M(), 6096 m 
(20,000 ft), maximum continuous power resulted in a thrust sfc of 0.499. This 
result was compared with the performance of an advanced 6.0 bypass ratio Cur- 
bofan which had an sfc of 0.631 at the same condition, thus indicating a 21% 
sfc advantage for the turboprop engine. Based on this indication of the fuel 
savings potential of the turboprop engine combined with advanced propeller 
technology, it was decided to concentrate on the turboprop power plant for the 
purposes of the STAT study. 

Bleed and Power Extraction 


An assessment was made of the effect of aircraft services provided by the en~ 
gine cn engine performance. Lockheed determined in their STAT studies of 50 
passengzv.* s.<ort haul aircraft that aircraft requirements amounted to 52.2 kW 
(70 shp) per engine for electrical, hydraulic, and cabin environmental re** 
quirements. A parametric study was conducted using an advanced turboprop en** 
gine designed for efficient cruise at a compressor pressure ratio near 20:1 
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at • rotor inlet tenperature of 1366 K (2000*F). The flight condition chosen 
I was 0.7 at 6096m (20,000 ft) altitude. Accessory drive power was ex~ 

tracted from the low pressure spool. Compressor bleed was taken from compres- 
sor discharge, and using gas state conditions, an equivalent power was calcu- 
lated assuming an SOX efficiency for an air driven turbine. Results obtained 
are shown in Figure 39 for the baseline with no bleed or power extraction, and 
for cases where the required horsepower was furnished (either all by power 
extraction or all by bleed), and for the case where half the required horse- 
power is provided by bleed and half by power extraction. Relative shp is 
plotted vs relative sfc. Cruise power available to the propeller is reduced 
^ 2.1% if S2.2 kW (70 shp) is extracted from the LP spool. This percentage re- 

flects an arithmetical subtraction of the aircraft requirement. For the split 
case, power loss is 4.6X, and for the all bleed case, power loss is 7.SX. At 
a given horsepower of 96Z of the referet«ce value, relative sfc is 1.008, 

1.028, 1.032, and 1.03S, respectively, for the baseline, 52.2 kW (70 shp) 
(shaft), split shaft and bleed, and 52.2 kW (70 shp) (bleed). Thus, for the 
cases examined, direct power extraction offers the best alternative with re- 
spect to minimizing engine performance losses. 

Other factors should be evaluated before drawing conclusions on the optimum 
system to provide aircraft services. These would include a better definition 
of the power extraction and bleed requirement, the engine power range over 
which this must be furnished, whether the requirement is continuous or vari- 
able, and the trade-offs involved in weight and volume of the environmental 
conditioning system for variation in air turbine efficiency. 



Reiative SHP 


TE81-719A 


Figure 39. - Impact of compressor bleed and engine power extraction on 

performance. 
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R€duc«d W«lght Nac»lle» 


A trad* study waa conductad to dataralna the airframe sensitivity to nacelle 
weight reduction* Figure 40 show* these sensitivities as applicable to both 
the high speed and low speed aircraft where the nacelle weight fraction ap~ 
proxiaated 0.2Z of the take~off gross weight (actually 0*21Z for the high 
speed aircraft and 0.17Z for the low speed aircraft)* The lines shown closely 
approximate the sensitivity of both the high speed and low speed airplanes to 
change in nacelle weight as it affects empty weight, flyaway cost, block fuel, 
and DOC* 

A significant consideration in the design of the nacelle for the advanced tur** 
boprop engine is the inlet configuration, especially for the high speed air* 
plane. The flow field behind the /advanced 0.7 % STAT propeller should be 
examined* A screening evaluation of candidate turboprop engine core Inlets 
Including concentric types (namely, annular and bifurcated) and scoop types 
should be undertaken to explore inlet pressure recovery and pressure dlstor* 
tlon characteristics. 

ADVANCED TECHNOLOGY ENGINES 

Two configurations evolved for DDA's STAT advanced technology engines* The 
basic difference in the engines stems from the two study aircraft power re* 
quirements. Engines for the 0.5‘^ach Lockheed transport were studied at the 
nominal size of approximately 1790 kU (2400 shp), and the 0*7^iach Lockheed 
transport at 3579 kW (4800 shp). The engines are similar in that both have a 
single-spool gasifier and a free power turbine '..ith front drive. The overall 
design and performance features of these engines are shown in Table XLIII and 
XLIV* 


Percent 
reduction ir. 
system 
parameter 



Percent reduction in nacelle weight 


TE81-720 


Figure 40. - Sensitivity of aircraft system parameters to nacelle weight* 
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TABLE XLIII. - ADVANCED STAI TURBOPROP ENGINES (SI UNITS) 



Low Speed 
Aircraft 

High Speed 
Aircraft 

Shaft po«r«r*'*kW 

1749 

3544 

Condition 

SLSS 

SLSS 

Jot thruat— N 

1401.19 

2491.00 

Equivalent ahaft po«er~~kW 

1843 

3711 

Cycle 


20 

20 

RIT— K 

1306 

1506 

afc— #»g/W*a 

71.6 

64.5 

ESFC— Mg/W*a 

68.1 

61.7 

Airflow— kg/ a 

6.19 

11.12 

Inlet recovery, X 

100 

100 

Noxzle preaaura ratio 

1.114 

1.114 

Gearbox efficiency, % 

99 

99 

Overboard aeal leakage, X 

l.O 

1.0 

Technology 

Corapreaaor (type-stages) 

Axial-3/cent-l 

Axial-9 

Turbines (type-stages) 

Axial hybrid; 
HP-2, LP-2 

Axial hybrid; 
HP-2, LP-2 

Shafting 

Composite 

Composite 

Component s 

Compressors: 

e Adiabatic, X 

82.29 

83.75 

N, rpm 

39767 

29823 

Axial: 

Tip speed (U^Af9*) Wsec 

411.3 

457.2 

Rg aver. /stage 

1.33:1 

1.4:1 

AR blades, aver. 

1.2 

1.07 

Centrifugal: 

Ng (rpm m*^* '^/sec^*^) 

28.7 

- - 

N^ (dimensionless) 

0.543 

- 

Tip speed , m/sec 

660.8 

- - 

. - 

4.47:1 

- - 

Blade to blade shroud loading, LD 

0.24 

- - 

Combustors: 

e comb. , X 

V9.9 

99.9 

A P/P burn. 

0.04 

0.04 

Turbines: 

High pressure: 

eAdiabatic, X 

87.78 

91.52 

Aver. Stage loading coef. 

(gJAh/U^ mean) 

1.60 

1.55 

Equivalent work (Ah/gcr) MJ/kg 

0.102 

0.100 

Expansion ratio 

5.32 

4.727 

Inlet temperature, K 

1505.6 

1505.6 

Cooling airflow, X 

Type of cooling (1st blade) 

8.3 

8.3 

Imp. film, 
cast-in 

Imp. film, 
cast-in 
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TABLE XLUZ. (CONT) 



Low Spaed 

High. Speed 


Aircraft 

Aircraft 

Low pr«s*ur«: 

M, rpm 

17,780 

23,900 

^AdiobaCic, S 

89.0 

91.2 

Avar* stua loading coaf. 

(gJAh/lK maan) 

l.SO 

1*68 

EquivalanC work (Ah/dcr), 

Btu/lbm 0*076 

0*090 

Expansion ratio 

3*183 

3*584 

InlaC tamparatura, K 

1063*3 

1070*0 

Cooling airflow, X 

0*5 

0*5 

Weight— kg 

Power section 

189 

250 

Gearbox (ratio) 

130 (19.1:1) 

149 (10*4; 

Total 

319 

399 

Powar/weight 

5*48 

8*88 

Length— « 

Power section 

1.247 

1*285 

Overall 

1.793 

2*215 

•lax haight~~m 

0*668 

0*734 

Price^“i 

Power section 

243,100 

407,600 

Total 

286,000 

468,500 

i/kW 

164 

132 

*OEH price at 12/mo, 1000 units, 1979 economics 


TABLE XLIV. - ADVANCED STAT 

TURBOPROP ENGINE (CUSTOMARY UNITS) 


Low Speed 

High S' ' ed 


Aircraft 

Aircra*. . 

SHP 

2345 

4752 

Condition 

SLSS 

SLSS 

Jet thrust— lb 

315 

560 

ESHP 

2471 

4976 

Cycle 

Rc 

20 

20 

RIT— ®F 

2250 

2250 

sfc— Ibm/hp-hr 

0.424 

0.382 

ESFC— Ibm/hp-hr 

0.403 

0.365 

Airflow— pps 

13.65 

24*69 

Inlet recovery, X 

100 

100 

Nozzle pressure ratio 

1.114 

I*ll4 

Gearbox efficiency, X 

99 

99 

Overboard seal leakage, X 

1*0 

1*0 
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TABLE XLIV. (CONT) 



Low Speed 

High Speed 


Aircraft 

Aircraft 

Technology 

Conpnooor (cypo'^tcngos) 

Axial~5 / cent . **1 

Axlal-9 

Turblnno (typo-ntngoo) 

Axial, Hybrid: 

Axial, Hybrid 


HP-2, LP-2 

HP-2, LP-2 

Shafting 

Composite 

Compoeite 

Coaponanta 

CoBpraaaors: 

V) Adiabatic* X 

82.29 

83.75 

N, rpn 

39,767 

29,823 

Axial: 

Tip spaad (UtAf?). 

1350 

1500 

avar«/staga 

1.35:1 

1.4:1 

AR bladas. avar> 

1.20 

1.07 

Centrifugal: 

Ng, rpm £t'^*'^/8ec^*^ 

70 

• * 

Ng (dlownsionless) 

.545 

• - 

Tip spaad (U(Af7)» fpa 

2168 

— • 

R« 

4.47:1 

— — 


Blade to blade shroud loading, LD 

.24 


Conbustors : 

^Conb* , X 

99.9 

99.9 

AP/P bum. 

.04 

.04 

Turbinas: 

High pressure: 

*1 Adiabatic, X 

87.78 

91.52 

Avar* stage loading coaf. 

(gJ^/U^ mean) 

1.60 

1.55 

Equivalent work (Ah/tfcr), Btu/lbm 

43.7 

42.9 

Expansion ratio 

5.32 

4.727 

Inlet taaparatura, ^R 

2710 

2710 

Cooling airflow, X 

8.3 

8.3 

Type of cooling (first blade) 

Imp film. 

Imp film. 


cast'in 

cast-in 

I«ow pressure: 

N, rpm 

17,780 

23,900 

i)Adiabatlc, X 

89.0 

91.2 

Aver, stage loading coef. 

(gJAh/O^ mean) 

1.50 

1.68 

Equivalent work Cih/^cr), Btu/lbm 

32.8 

38.8 

Expansion ratio 

^.183 

3.584 

Inlet temperature, ^R 

1914 

1926 

Cooling airflow, X 

0.5 

0.5 
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TABLE XLIV. (CONI) 



Low Speed 

High Speed 


Aircraft 

Aircraft 

Weight**lb 

Power section 

416 

551 

<«earbox (ratio) 

287 (19.1:1) 

328 (10.4:1) 

Total 

703 

879 

Power/welght 

3.34 

5.41 

Length**ln. 

Power section 

49.1 

50.6 

Overall 

70.6 

87.2 

Max height*-in. 

26.3 

28.9 

Prlce*~$ 

Power section 

243,100 

407,600 

Total 

286,000 

468,500 

t/SHP 

122 

99 


*OEM price at 12/mo, 1000 units* 1979 economics 
1790 kW (2400 shp) STAT Engine 

This engine has an axial (5) centrifugal (1) compressor with welded titanium 
drum and high temperature titanium aft wheels* The final stage of the com* 
pressor is a hybrid Impeller with cast flow*path ring HIP bonded to a forged 
hub. The compressor rotor Is straddle mounted for dynamic stability and 
clearance control. The compressor materials will be selected for the rotor, 
blades, case, and vanes to reduce thermal mismatch and thereby improve clear* 
ance control. 

The combustor has a fold*back design and features a Lamllloy, transpiration* 
cooled liner. The two*stage gasifier turbine employs cast*ln impingement 
cooling In both stages plus the first vane stage. Both turbines feature hy* 
brid wheels with cast airfoil rings diffusion bonded to powder alloy hubs. 

The turbine rotor/case/blades/vanes materials will be selected to minimize 
thexmal growth mismatch. The gasifier turbine incorporates an active clear* 
ance control device actuated by the electronic fuel system control. 

The turbines Incorporate abrasive blade tips and abradable coatings to provide 
minimum running clearances. Paired knife step seals will be used to reduce 
seal leakage losses. 

Turbine shafts are borslc*t Itanium matrix composite for light weight and for 
the required shaft stability In the small diameters required of advance tech* 
nology, high pressure ratio engines. 

The reduction gear for the 1790 kW (2400 shp) engine is close*coupled, coax* 
lally infront of the power section. It Incorporates a spllt*torque planetary 
gear system with 19.1:1 speed ratio, and features a composite gear case. 
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The control and fuel systems for both STAT engines shall be configured to 
utilise an advanced technology digital electronic controller for all required 
logic and computational requirements for the engine and propeller operation to 
accomplish the following control functions: 

o Automatic start sequencing 

o Turbine inlet temperature limiting during all operation, including start, 
for turbine protection and long life 

o Control for acceleration and deceleration fuel flow, bleed, and compressor 
geometry for smooth and rapid operation without surge or flameout 
o Control for gas generator speed as a function of power lever input posi* 
tion to provide modulation of engine power from max rating-to-idle'-to max 
reverse 

o Control for propel ler/po«rer turbine speed over the required operational 
range 

o Independent back-up control function that limits maximum power turbine 
over speed 

o System for autofeather based upon operating through the propeller control 
system 

o Provisions for torque limiting for gearbox protection 

o Provisions for automatic mode selections for optimum thrust control (take- 
off, maximum climb, maxisnim cruise as a minimum) 
o Provisions for digital link interfacing with flight control system for 
automatic propulsion control throughout all regimes of engine operation 
o Propeller synchronizing/ synchrophasing 

3579 kW (4800 shp) STAT Engine 

This engine has a nine-stage axial compressor with welded titanium drum and 
high-temperature titanium aft wheels* The materials for the rotor, blades, 
case, and vanes will be selected to reduce thermal mismatch and thereby reduce 
clearance control. 

A VCD forms the transition between the compressor and the flow-through, Lamil- 
loy-cooled annular combustor. The turbine section of this engine features the 
same number of stages, materials, and cooling technology as that of the 1790 
kW (2400 shp) STAT engine. 

The reduction gear for the 3579 kW (4800 shp) engine is a remote-mounted, off- 
set type featuring an advanced dual-compound idler gear train with a 10.4:1 
reduction ratio* The gear case is made of composite material. 

Tables XLV and XLVI show the changes in engine and aircraft parameters for the 
advanced 1790 kW (2400 shp) and 3579 kW (4800 shp) engines respectively, which 
incorporate the advanced technologies and design features judged beneficial as 
described in the previous sections. The total benefit of a group of advance 
technologies may differ from the sum of the individual benefits attainable 
from each technology item when considered separately. Therefore, the results 
presented in Tables XLV and XLVI may differ from the sum of those technology 
benefits when described individually. 
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TABLE XL»l. - 8TAT AWAMCeP TitCHMOtOCY APPLtCATlOII— iS79 kW (4»00 »hp) KIICI» 



Malof Inability 


Propulalon syatam condition monitoring provlaiona Incorporating advancad tach~ 
nology componanta will ba Incorporatad in tha STAT anglnaa to parmit datactlon 
of iapanding malfunctions and to daflna tha raqulrad malntananca action* Bar* 
ly dataetion and corraction of potantlal problams will rasult iu Improvad air* 
craft safety and rallability* Transducers which are required to measure com* 
ponant pressures » temperatures and positions » along with tha associated wir* 
Ingt will be integral parts of the electronic fuel control systaa* 

Modular Construction 


The entire propulsion system will be designed using modular concepts so that 
failures and resulting removal and repair will be restricted to small equip* 
meat packages* with little or no disturbance to the rest of the propulsion 
system, thus avoiding excessive maintenance/shop costs and the possibility of 
maintenance errors* 

Engine Noise Considerations 

The DOA advanced technology STAT engines, like conventional engines, will rad* 
lace noise from the compressor inlet, and combustion, turbine, and Jet noise 
from Che engine exhaust* The engine case and reduction gearbox will also rad* 
late noise; however, they and the Jet will be minor noise sources* Turbine 
cones will be substantially above Che 10 kUx analysis range (18 kUs at take* 
off) so that tho compressor and combustor remain as the major engine noise 
sources affecting aircraft far*field noise* 

Compressor Noise 

The primary impact of the advanced technology will be on compressor noise* 

The advanced engine cycles Chat yield low fuel consumption require high pres* 
sure ratios, which, in turn, lead directly to supersonic blade tip speeds and 
Increased pressure ratios in the compressor initial stages* The net effect is 
multiple pure*tone generation and enhanced bladepass Cones during take*off 
and, depending upon the aircraft power requirements, on approach* Engines 
Incorporating advanced technology compressors will require inlet noise sup* 
pression in the form of swept first*stage blades, sonic attenuation in the 
inlet guide vanes, or inlet duct acoustic treatment* 

Combustion Noise 


Combustion noise levels for the STAT engines are comparatively unknovra, since 
tha engine parsmetsrs used in the conventional predictions are outride the 
data base used to generate the prediction empiricisms* In any event, if the 
STAT engines product 2 to 4 dB more combustion noise than current engines, as 
predicted, combustion noise will be a major contributor to propulsion system 
noise* The understanding of combustion noise generation is not sufficiently 
developed to permit noise reduction either by combustor design or engine cycle 
bias* Until these controls are developed, combustion noise reduction can be 
achieved by exhaust duct treatment and/or using shielding* 
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Propulsi on Sysfa Holw ^te«ttna th> STAT 


Curront turboprop aircraft In the STAT~«lso category Juat Mat or axcaad tha 
FAR Part 36 nolaa raqulraMnta» Indicating that a propallar nolsa reduction of 
8 dB la raqulrad to aaat tha STAT goal of Part 36*^ BPNdB* A aodarn* thin, 
alllptlcal tip propeller or propfan uaad In concert with Increased take-off 
performance can provide the required noise reduction* However, unless engine 
noise (compressor and combustion) Is also reduced, the net aircraft gain will 
be substantially less than the 8 dB required* Figure 41, which Is based on 
aeasurMents of the Blectra engine. Illustrates this situation* This figure 
shows clearly that while the propeller of today's technology Is the dominant 
noise source, engine combustion noise provides a floor effect that will. In 
large measure, negate the propeller propfan noise reduction* The addition of 
multlple~pure*tones to the engine spectrum will raise the EPNL frequency sen~ 
sltlve portion of the spectrum as well as provide an Increase In forward rad~ 
latlon to Increase the time during flyover when a given noise level can be 
perceived on the ground* 



PrapelUr raducHon 
required to meoT STAT pool 


200 400 1000 2000 4000 

1/3 octave band center 6«quency*»Hz 



Figure 41* -> Comparison of propeller and engine noise during take-off* 


93 


In ch« «bt«ne« of t w«Ll d«v«lop«d noioo oouret reduction technology for tur~ 
boaheft engineat duct treetnent aey be uaed to control engine noiae but with 
en eaaocieted increaac in fuel conauaiption, end decreaae in power* on the 
order of O.S to The STAT enginea will «void thia perfomence penalty by 
giving proper conaideretion to noiae reduction during deaign end developaMnt 
pheaea of the componenta end the engine. 

BENEFIT ASSESSMENT 

The benefit eaaeaament completea the eveluetion of the edvenced technology 
STAT enginea by quantifying their effect on the critical eirfrane and ayatea 
paraaetera. In addition to the advanced technology enginea, baaeline deriva- 
tive (1985 tine fraae technology) enginea were alao analysed. The reaulting 
data permit compariaona of the potential payoff between: 

o 1990 advanced technology aud 1980 baaeline technology 
o 1990 advanced technology and 1985 derivative technology 
o 1985 derivative technology and 1980 baaeline technology 

The evaluation of potential payoff for advanced technology was baaed on re- 
aulta from a final airframe parameter analyaia uaing the baaeline miaaion de- 
scribed earlier. The airframe and engines were aired to match the required 
mission, and the reaulting operational criteria were quantified. These in- 
clude: 

o Aircraft DOC for stage lengths of 92.6, 183.2, 277.8, 370.4, 740.8, and 
1111.2 km (SO, 100, 150, 200, 400, and 600 nm) 
o Fuel uaed 
o Acquisition price 
o Total cost of cwoerahip for 3 years 

based on the following parameters: 

o Fuel cost to. 264 and t0.396/L (tl.OO and tl.SO/gal) 
o 2800 hour/year utilization 

Sfc Trends 


Sfc trends for current, derivative, and advanced technology turboprop enginea 
are shown in Figure 42 in terms of uninstalled brake sfc as a function of 
rated shaft horsepower. The trend for current technology turboprop engines 
resulted from compilations of engine aianufacturer ' s data analyzed by the Lock- 
heed California Company in performance of their STAT Short Haul Study as 
described earlier in thia report. A turboprop version of the XT701 engine, 
designated P0370-37, established the sfc at the upper end of the horsepower 
range shown, and otl^er Allison enginea such as the Model 501 xn the 3729 kW 
(3000 ahp) claas and the Model 250 in the 377.9 kW (500 shp) class, influenced 
the placement of the trend line. 
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Th« "dtrivativt" tngin* ttchnology trtnd lint it btttd on ehtt for Cht currtnt 
ttchnology tngintt tnd it ktytd to t vtritnc of tht PD370*37 in vdiich Cho eov* 
prtttor prttturt rttio it inerttttd from 12.7 to 17.7 tnd RXT it incrttttd 
from 1506 to 1533 K U250 to 2300*F). Tht dtrivttivt tngint incorportttt t 
tctltd vtrtion of t eomprtttor dtmonttrtttd in tdvtnctd ttchnology progrtms tt 
006 tnd uttt tht bttic tbtft, bttring, tnd turbint trrtngtntntt from tht XT701 
turbothtft tngint. Tht rtduction gttrbox for tht full*tctlt dtrivttivt tngint 
it t ntv timplifitd dtsign icorportting t dutl^compound idltr trrtngtmtnt tnd 
incrttttd dttign lift comptrtd to tht T56 ttritt of gttrboxtt. Tht ntv gttr* 
box dttign it btttd upon t ttudy of tht rtlitbility tnd mtinttntnct cott hit* 
tory of pttt turboprop tytttmt tnd incorportttt tht rtcommtndttiont of thtt 
ttudy for t gttrbox with high rtlitbility, ttty mtinttintbility, tnd low mtin* 
ttntnct cottt. Rttlittictlly, tht dtrivttivt tngint pottultttd it t mtjor 
modificttion involving tignifictnt chtngtt in tht cold tnd hot ttctiont of cht 
tngint tt wtll tt in Cht gttrbox. Ptrformtnct tnd mtinttintbility improvt* 
mtnCt tnd cotC ttCimtCtt rtfltct thttt chtngtt. Tht tfc improvtmtnC it llZ 
comptrtd to current technology, tt thown in Figure 42. 



0 aooo 4000 «000 8000 10000 

Shaft powor, SUS# hika«oft powtr- i hp 

raO-V75A 

Figure 42. * Sfc Crendt tnd comptritont. 
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Th« adyaaetd caehnology aogiaaa at 1790 and 3579 kH (2400 and 4800 thp) hava 
an additional iaprovaaant in afc ovar tha darivativa angiMS of 6Z and 9Z ra* 
spaetivaly« for a total iaprovaaant ovar currant tachnology of 17Z and 19X, 
raapaetivaly* 

Prica Trends 


Historical turboprop production angina prices wars raviawad based on DD4 data 
for 3729 kH (5000 shp) and 5966 kH (8000 shp) class anginas* Tha approach 
was to develop a consistent sat of data for extrapolation to STAI sixes* Tha 
economic baseline for STAT aaa: 

o 1979 dollars 

o 1000 anginas produced at a rata of 12/aonth 

o cumulative average price for 1000 anginas (with and without inherited 
learning) 

Figure 43 shows ralacive prices for the TS6 and XT701 power sections based on 
actual DDA experience adjusted to tha standards as previously stated« include 
ing consideration of the engines as having "no common production base*" The 
learning parameter is considered in order to reflect the price of an available 
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Figure 43* ~ Power section price comparisons* 
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currant eachnology angina at tha poaar aisa raquirad (thus Inharltad laarning 
appllaa In pricing) varaua a caaa whara a complataly nav angina ia conatructad 
uaing currant tachnology <thuat in ttia axtrana caaa, no intiaritad laarning 
appliaa)* 

Tha nodal TS6*A-100 angina notad in Flgura 43 la a currant tachnology Sariaa 
IV TS6 angina with 13,000^ production anginaa and a 25~yaar hiatorlcal back* 
ground. Thla angina haa radaaignad coapraaaor blading to produca a 11.9:1 
coapraaaor praaaura ratio (CPR) varaua tba 9.6:1 ratio of tha nodal T56*A*15. 
Tha turbina blading haa baan radaaignad to provida 4157 kW (5575 taka*o£f 
horaapovar). Tha powar aaction walght ia 571 kg (1259 Ibn). Tha povar aac* 
tiona of tha Sariaa I, 2580 kW and 524 kg (3460 a^ and 1155 Ibn), tha Sariaa 
II, 2800 kU and 540 kg (3755 ahp and 1190 Ibn), and tha Sariaa III, 3424 kH 
and 553 kg (4591 ahp and 1220 Ibn) anginaa all vara alngla apool, axial flov 
powar planta driving an offaat raductlon gaarbox. T56 Sariaa III anginaa hava 
a 9.6:1 CPR, a 15 kg/a (33 Ibn/a) airflow, and a RIT of 1350 R (1970<>F). 

Tha projactad ralative price llna shown for the Series IV engine la based on 
accunulatad learning of the T56 production experience. This engine, when 
factored to **no comnon production base" la also shown. 

The nodel PD370-37 current technology engine la a turboprop conversion of tha 
XT701 turboehaft engine, where the LP turbine was reaatched for better turbo* 
prop characteristics. It represents a alniaua change from the XT701 engine, 
which la a free turbine turboshaft engine that was developed through safety 
deaonstratlon for the U.S. Amy's HLH program. The Model PD370*37 la a 
8ingle*spool, axial flow power unit with a free turbine that la connected by 
shafting and supporting structure to an offset reduction gear assembly, which 
la based on an Improved T56*A*1S gearbox design. The baseline PD370*37 engine 
la In tha 5966 kH (8000*hp) class. Compressor pressure ratio la 12.7:1, the 
compressor rpm la 15,049, and RIT la 1506 K (2250*F) for take*off on a atan* 
dard day. Airflow la 20.8 kg/a (44 Ibm/aec), and the powar section weight la 
510 kg (1125 Ibm). Price trends for thla engine are also shown with and with* 
out Inherited learning. 

The Model T56*A*100 and the XT701 current technology englnea are conaldered to 
have the “Inherited** learning of approximately 7000 englnea, and were adjuated 
to the 1000 engine basis applying a 90Z learning curve consistent with DDA 
experience. 

Derivative engine technology la represented by the Model PD370*41 engine, 
which is a XT701 turboprop derivative engine with a 17.7 ;1 compressor pressure 
ratio. It Incorporates a scaled ATEOC demonstrated compressor with combustor 
and turbine arrangements from the new XT701 turboshaft engine. It Is an axial 
flow engliKt, having a single*spool core and a front drive free power turbine 
connected by shafting and supporting stnicture to an offset reduction gearbox. 
The engine Is In the 8203 kH (11,000 hp) class. At the 17.7:1 pressure ratio 
at sea level take*off (SLTO), RIT Is 1533 K (2300*F), airflow Is 24.5 kg/s (54 
Ibm/sec), compressor rpm Is 16,400, power Is 8183 kH (10,974 shp), and the 
power section weight Is 682 kg (1503 Ibm). This engine has an advanced design 
gearbox of the dual*compound Idler concept, which la lighter In weight than 
the current technology gearbox. 
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Dac« from Figure 43 is usod to ottsblish povor soeeion OEM eomparseivs prices 
uithouC inherited leeming, sho%m in Teble XLVII* Geerbox price eetimetes ere 
edded to the power section price to obtein e totel engine price comperieon 
without inherited leerning» The geerbox coete heve been fsetored from histor* 
icel costs siniler to the power section. However, e 94X leerning curve wee 
epplied for current technology geerboxes. 


Engine base 


TABLE XLVll. - ENGINE PRICE SUMMARY 

TS6, Series IV XT701 XT701 derivetive 

(Model TS6-A-100) (Model P0370-37) (Model P0370-41) 


Technology 
Size^kW (shp) 

*Power section price 
^Reduction geer price 
^Engine price 


Current 
4157 (5575) 

1582.200 
S102.400 
1684.600 


Current 
6301 (8450) 
8782.800 
8114.900 
8897.700 


Derivetive 
8184 (10975) 

81.079.200 

888.000 

81.167.200 


^CuoMlstive sverege OEM prices of first 1000 engines sc 12/mo, 1979 economics, 
without leerning or benefit of previous production bese. 


Price trends tsken from the dete points shown in Teble XLVll were then con' 
structed (using the seeling reletionship: seeled price ■ unity price x (seeled 
power/unity power]^*^). end ere shown in Figure 44. Note thet the T56'A*100 
fells very close to the current technology specific price versus teke'off 
reted shp "trend line." Also note thet the derivetive engine trend curve per* 
ellels the current technology trend line, end is 5 to 72 higher then the cur' 
rent technology lines es e result of the new compressor end turbine design end 
the increese of RIT to 1533 X (2300*F). 


The edvenced STAT technology 3579 kW (4800 shp) engine is e high pressure 
retio conceptuel engine with e compressor pressure retio of 20:1, e of 
11.6 kg/s (25.5 Ibm/sec), en RIT of 1506 K (2250*F), end e 29,800 compressor 
rpm. The bese line engine power section hes been celculeted to weigh 250 kg 
(551 Ibm). The engine is e singls'spool, exiel'flow power unit with e free 
turbine connected to en offset reduction geer essembly. 

This STAT engine is epproximetely 162 lower in cost then current technology 
engines of the seme power. The smell compressor diemeter end overell low 
weight of the power section plus the new design geerbox contribute lergeiy to 
this low cost. The costs were derived peremetricelly from known costs on OOA 
production end demonstretor engines end DOA MIF methodology end heve been 
fectored to e common besis. 


The edvenced STAT technology 1790 kW (2500 shp) engine hes en exiel compressor 
combined with e single'stege centrifugel outlet stege. This engine hes e 20:1 
CPR, 6.35-kg/s U4.0-lbm/sec) eirflow. 38.700 rpm. end e 1506 K (2250*F) RIT, 
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Figure 44. - Engine specific price comperisons. 


with e power section weight of 188.7 kg (416 Ibn). This STAT engine is e 
single^spool, exiel'centrifugel potter unit with s free turbine connected to en 
in-line reduction geer esseably of edvence design. 

Meintenence Cost Trends 


Advanced Turboprop Meintenence end Reliebility Recoussendetions 

A study of actual turboprop reliability and oMintenance costs in coonercial 
operation, conducted by DOA for NASA and reported in NASA CR 13S192. showed 
that turboprop maintenance costs could be reduced in future propulsion systems 
by incorporation or improvement of the following elements: 

o Incorporation of on^condition maintenance 
o Improved modularity 

o Incorporation of total system management Co integrate all elements of the 
propulsion system. 

o Improved reliability and durability 
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OcrCondition Mainftuoct 


A priM cotC driver in the Mintenence of aircraft prcpulaion syacaaM can ba 
achadulad overhaul a • Ic waa found in cha reliability and naincainability 
atudy for NASA chat achadulad ovarhaula accounted for of the naintanaoca 
coata of cha turbopropa on the Lockbaad Blactra and Convair CV-S80a* A potan* 
tial for aoat of the 40X reduction oMy, tharafore, ba raaliaad for the STAT 
anginaa by adopting on^ondicion aMintananca* Scheduled ovarhaula are aliaii* 
natad, and periodic inapection or aquipaant aalfunction are the only aourcaa 
to juacify aquipaant raaMval* The on^condition auintananca concept can ba 
facilitated by iaiprovad fault dataction and iaolacion via diagnoatica (condi* 
cion aonitoring) to identify iapanding problaaa ao chat corractiva action aay 
ba taken prior to failure. Hoac of the large turbofan anginaa currently in 
uaa with Cha aircraft of cha iMjor airlinaa are aaintainad on-condition, al- 
though aoae aaction of a given angina, auch an the high praaaura turbine, may 
have a tima-liaitad removal raquiramant baaed upon operating axparianca. All- 
up condition monitoring ayatama are acill in davalopmant and have not bean 
adopted by Cha major airlinaa, but they ahouLd ba operational by the 1990a. 

The aatimatad reduction in oMintananca coata for cha adoption of on-condition 
maintenance and condition monitoring ia diacusaed later in Chia aection. 

Total Syatem Manaaement 

The management of the total propulaion ayacem muaC be centralized, including 
the propeller, engine, and nacelle. Thia would enaure Che proper definition 
and control of interfacea between the three major ayatem modulea, which would 
minimize independent approachea to major awdule deaign. Maintenance acceaa to 
all componenta and total ayatem condition monitoring would be well integrated. 

Reliability and Life Goala 

The reliability and life goala for Che advanced STAT enginea were eatabliahed 
conaiatent with aafety, a minimum ouiintenace coat for the mature ayatem, mini- 
mum delaya and down time, and Che expected aervice life of the enginea in 
abort haul commuter airline aervice. 

Life Goala 

Deaign life waa defined aa Che time or life that the propulaion aytem would 
operate aatiafactorily: 

o With routine achc;iuled maintenance 
o Without acheduled replacement of parta or componenta 

o With unacheduled replacment frequenciea no zMre than are conaiatent with 

the atated KIBF vu.:an time between failure) valuca 

Uaing the guidelinea of the contract work atatement and other direct operating 
ground rulea aupplied by NASA, in which airframe deaign life of at leaat 
30,000 houra, 60,000 take-off and landing cyclea, and a sparea factor of 1.3 
for enginea were defin>£d aa requiremanta, the following life goala for thi; 
engines were eatabliahed: 

o Deaign life of high preaaure turbine of 7300 houra 
o Deaign life of all other parta of 23,000 houra 
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Reli«bility Goals 

Bslisbility goals were established for the power sections and gearboxes of the 
StkT engines. These goals were based on the incorporation of all advance 
technology iteiss and are considerably improved over those of current technolo- 
gy engines. Mean time between unscheduled removal (HTBR), based upon propul- 
sion system inherent events • should be no less than those shown in Table 
XLVIII for major modules* and Table XLIX for components or accessories. For 
comparison, this table also shows removal races for nearly 2.5 million fli^t- 
hours of experience on the Series I TS6 engines. 


TABLE XLVIII. - INHERENT RELIABILITY GOALS FOR STAT ADVANCED Xc’RBOPROP - 

MAJOR MODULES 


Inherent Corresponding removal Ref. T56, Series I 


Maior module 

MTBR— h 

rate/1000 h 

removel ratb^lOOO h 

Core engine 

6,250 

0.160 

\ 0.426 

LP (power) turbine 

50,000 

0.020 

1 

Main drive reduction gearbox 

33,333 

0.030 

0.060 

Total for major modules 

4,762 

0.210 

0.486 


TABLE XLIX. - INHERENT RELIABILITY GOALS FOR STAT ADVANCED TURBOPROP- 

COMPONENTS AND ACCESSORIES 


Components and Inherent 

accessories MTBR— h 

Power section major accessories 50,000 
(oil, scavenge, fuel pumps, 
ignition) 

Engine accessory drive gearbox 50,000 
Power section minor accessories 6,667 
Control System 2,500 

Start system 3,700 

Total for major components 1,163 


Maintenance Philosophy 


Corresponding removal 
rate/1000 h 

0.020 

0.020 

0.150 

0.400 

0.270 

0.860 


Maintenance philosophy is defined as a characteristic of equipment design that 
facilitates maximum maintenance effectiveness and minimum TCO. Cost-effective 
maintenace concepts must be designed into the end product during the concept- 
ual and design phases. An on-condition maintenance approach, as described 
earlier in this section, is a result of this philosphy and is facilitated by 
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Ch« improved durabilicy, condicion nonicoring with improved diegnoecicti in* 
created nodularicy, and aimplified hardware* Ocher apecific deaign requir* 
menCa for improved maincainabilicy are methoda of mounting for eaay inacalla* 
cion and removal, aceeaaibiliCyi repairabilicy, inapeccion/verificacion eon* 
cepea, aerviceabilicy, and eomponenc decail deaign for eaae of maincenanee* 

Reliability Aaaeaanent 

A reliability aaaeaanent waa made of the STAT advanced turboprop enginea to 
provide Che predicted improvementa, in contract to current ayatema and to 
provide a baaia for maintenance coat predictiona. 

Inherent Veraua Noninherent Reliability 

Inherent eventa/ removal a are thoae cauaed primarily be propulaion ayatem 
equipment failurea. Noninherent reliability ia baaed upon thoae eventa that 
are primarily not cauaed by propulaion ayatem equipment. In order to make 
direct compariaon with current technology rate and coat data, which reflect 
total or "operational" reatoval ratea and coat, an allowance had to be provided 
for noninherent eventa. Thia allowance haa the effect of increaaing the re* 
moval ratea beyond the inherent value or decreasing the MTBR valuea below the 
inherent value. The noninherent allowance provided for the effecta of the 
following: 

0 Unaubatantiated/unneceaaary removala 
0 Improper maintenance*caused failures 
o Foreign object damage (FOO) 

o Convenience to perform nonpropulsion maintenance 
o Accident damage 

Summary of Total Operational Reliability Assessment 

The total operational reliability assessment is shown in Tables L and LI. 

These values were used to determine maintenance costs. Also shown are the 
values of the inherent and noninherent ratea used to arrive at the predicted 
operational rates. The inherent and noninherent reliability asaesaments are 
discussed in the following subsections. 


TABLE L. - SUMMARY OF RELIABILITY ASSESSMENTS OF STAT ADVANCED 
TURBOPROP SYSTEM**MAJOR MODULES 


Name of major Inherent removal Noninherent removal Operational removal Operational 


module 

rate/1000 h 

rate/ 1000 h 

rate/1000 h 

MTBR— h 

Core engine 

0.160 

0.040 

0.200 

5,000 

LP turbine 

0.020 

— 

0.020 

50,000 

Main drive 

0.030 

0.010 

0.040 

25.000 

reduction 

gearbox 





Total for 
major modules 

0.210 

0.050 

0.260 

3,850 
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TABLE LI. - SUMMARY OF RELIABILITY ASSESSMENTS OF STAT ADVANCED 
SYSTEN»COMPONENTS AND ACCESSORIES 


Naan of 

conpononc or Inhoront rtmoval Noninharant ramoval Oparational ramoval Oparacional 


•cctisory 

rate/ 1000 h 

rate/ 1000 h 

rate/ 1000 h 

MIBR**h 

Engine acces* 
sory gearbox 

0.020 

0.005 

0.025 

40,000 

Start system 

0.200 

0.133 

0.333 

3,000 

Control system 

0.400 

0.100 

0.500 

2,000 

Major accessories 
(oil pumps, fuel 
pumps, ignition) 

0.020 

0.016 

0.036 

27,777 

Minor accessories 

0.150 

0.050 

0.200 

5.000 

Total for 

0.790 

0.304 

1.094 

914 


componanCs and 
acceaaories 


Cora Engine and LP Turbina 
Inharenc Reliability Assessment 

The history of OOA turboprop experience was studied from two important aspects: 

o Whether reliability problems existed that were uniquely related to turbo* 
prop operation or application 

o Identification of principal engine problems to evaluate solutions from 
current technology 

No current engine problems were identified as being unique to turboprop oper* 
ations or application. Some of the problems resulted from the engines being 
originally designed and developed for much shorter life in military use and 
without the comprehensive design criteria of today. Thus, one aspect of the 
core engine and LP turbine assessment recognizes the beneficial results of 
comprehensive design criteria, which include clearly stated reliability and 
life requiremets for comnercial operation. 

Some of the corrective actions to historical problem areas are straightforward 
configuration and processing changes to better adapt to commercial maintenance 
plans and commercial overhaul periods. Others were based on improvements from 
technology and analytical improvement programs. It is assumed that this trend 
will continue to produce improved materials, coatings, and analytical tech* 
niques available for the advanced STAT engines. 

Based upon the reliability of current mature engines, the projected inherent 
reliability of the advanced core is 6230 hours MTBR and of the LP turbine, 
30,000*hour MTBR. The corresponding inherent PRR are 0.16/1000 and 0.02/1000 
hours, respectively. 
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Noniaharent RaliabiliCy Aasessment 

An assassment of 0*040 renovals for 1000 hours was aada for Cha cora angina* 
Tha causas of thasa would ba axpactad Co ba FOD to cha compressor, improper 
mainCananca and operation, and unsubs Cant iac ion (no fault found). With fault 
diagnostic systems employed and cha beneficial effect on improper maintanace 
resulting from a lower maintenance action rata, the astiisate of 0*040 seaiss 
reasonable* 

Main Drive Reduction Gearbox 


Inherent RaliabiliCy Assessment 

The assessawnC of the STAT advanced main drive reduction gearboxes, each a 
major module, was based upon current engine experience* For example, the 
study of turboprop reliability and maintenance costs for NASA, which were men- 
tioned earlier in this section, found that 36Z of the reduction gearbox resnv- 
als were caused by failures in the main drive system or in other characteris- 
tic turboprop functions such as propeller brake, safety coupling, and negative 
torque signal (NTS)* The advanced main drive reduction gearboxes contain 
those functions performed by the 36Z represented previously, less the safety 
coupling and NTS, plus the limited accessory drive gears, bearings, and asso- 
ciated hardware necessary to drive the lube pump, propeller hi^ pressure 
pump, and the power take-off for the remote aircraft accessory gearbox. 
Therefore, the advanced main drive reduction gear system can be compared di- 
rectly with the corresponding portion of the current gearboxes* In the study, 
it was found that the main drive system (the 36Z) accounted for: 

o An inherent premature removal rate of 0.048 per 1000 engine fli^t hours 
(EFH) (equivalent MTBR ■ 20,770 hours) 

o A total operational premature removal rate of 0.061 per 1000 EFH (equiva- 
lent MTBR « 16,400 hours) 

The advanced main drive reduction gear systems: 

o Contain less than half the number of powertrain bearings of the current 
main drive system 

o Contain proportionately fewer other hardware parts 

o Must be expected to operate for 25,000 hours with no scheduled overhaul 
(compared to about 7000 hours average for the current system) 

The first two points produce a favorable effect on premature removal rates, 
whereas the third tends to produce an unfavorable effect. To control and min- 
imize this potential unfavorable effect, one feature that the advanced designs 
will incorporate is bearing sizes selected for much longer life. Some further 
reduction in the failure rate is expected as a result of the improved oper- 
ating conditions afforded by use of helical gears and improved mounting and 
gear support* 

Improved alignment, concentricity, and reduction of torsionals in the remain- 
ing accessory drive train will contribute to attainment of full calculated 
life at these locations. These factors, however, cannot be easily quantified 
to produce a further improved failure rate value. 
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Contidsriog all Cheat faccora and conduccing a reliability analytical analyaia 
with the record of the current syetem aa a baeeline, a premature removel rate 
of 0*01 per 1000 houra was determined for the advanced main drive ayatema* 

A premature removal rate of 0*01 per 1000 houra waa aaaumed for Che acceaaory 
drive system within the main drive reduction gearbox. This assumption was 
based upon the complexity of the accessory drive system being comparable to 
that of Che main drive reduction syetem and that the same reliability design 
criteria would be used for the accessory drive as for the main drive* 

More frequent internal inspection opportunities exist for the current tech* 
nology reduction gearboxes chan forecasted for the advanced main drive reduc* 
cion gearboxes* Current technology reduction gearboxes are disassembled for 
repair and inspection after each premature, and TBO, removal. During the in~ 
spection performed at the repairs and overhauls, distressed parts are re-* 
placed. With an "on-condition" operation and the simplified, more reliable 
gearbox there will not be the frequent opportunity for replacement of parts. 
The effect may be a slig(ht increase in the premature removal rate (PRR) that 
was predicted solely from the improvement in the designs. An additional rate 
of 0*01 per 1000 hours was assumed for this effect. 

The inherent reliability predictions for the STAT advanced main drive reduc- 
tion gearboxes are summarized in 'able Lll* 


TABLE LI I. - INHERENT RELIABILITY PREDICTION SUMMARY FOR STAT ADVANCED 

MAIN DRIVE REDUCTION GEARBOX. 

Inherent premature removal rate 
Gearbox system per 1000 h 

Main reduction 0.010 

system 

Accessory drives for 0*010 

two pumps and 
remote gearbox 

Effect of less 0*010 

frequent disassembly 

inspections 


Total predicted for 
main drive gearbox 

Equivalent MTBR 


0.030 


33,000 hours 
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Moninh«r«nt RtliabiliCy A«s€s«ments 

Th« principal noninherant ramovals of cha main drive raduccion gearbox are for: 

o Improper maincenance 
o Unsubstanciated (no failure found) 
o Accident damage 

Accident damage to the gearbox results from unusually large forces transferred 
to the gearbox from the propeller in case of an accidents The rate of acci~ 
dent daauige removals plus precautionary removals after an accident are a func~ 
tion of the propeller accident rate. Projected improved propeller accident 
rates supplied by Hamilton Standard were used to estimate noninherent removals 
of the gearbox for this cause. 

The noninherent removal rates for improper maintenance and unsubstantiated 
causes were estiomted from studying the historical data base and the relative 
complexity of current technology and advanced gearboxes. 

The estimated noninherent rate for the STAT advanced main drive gearboses is 
one^third of the inherent rate, or 0. 010/1000 hours. 

Power Section Accessory Gearbox. Components, and Accessories 

Inherent Reliability Assessment 

The basis for the reliability assessments of power section accessories were 
detailed studies made for the XT701 engine (most in conjunction with the sup~ 
pliers), listing of the Allison Model 301 including the more recent Series III 
(Model 301**022 and the TS6-A-14 and ~1S), and ODA/ supplier estimates for elec" 
tronic control systems. 

Noninherent Reliability Assessment 

Estimates were made for component and accessory removal rates for noninherent 
causes using the same background data, studies, and supplier experience as 
discussed for the inherent reliability assessment. 

Maintenance Cost Projections 

Baseline Engine 

The determination of the baseline maintenance cost of current technology en- 
gines and reduction gearboxes was described previously in the Baseline Engines 
section, and the trend with horsepower is shown in Figure 45. This trend was 
established by Lockheed using cost data and scaling characteristic supplied by 
DOA, General Electric, and Garrett for current turboprop engines. 
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Figure 45 • " Engine mainCenance coec versus rated power* 


Derivative Engine 

ODA derivative engine technology was defined as that equivalent to a deriva** 
tive of the Model P0370~37 engine and designated as the Model PO 370'*41 engine 
in the Navy MPA studies* Scaled characteristics of this derivative engine 
were derived for use in this STAT study* 

The derivative engine differed from the baseline engine by having a booster 
stage added to the compressor and a new main drive reduction gearbox that was 
based upon the results of the study of turboprop reliability and maintenance 
costa* The added booster stage increased the pressure ratio from 12*5:1 to 
17*7:1* 

The following assumptions were made in establishing the maintenance costs in 
comparison to the current technology engine: 

0 The main drive reduction gearbox would be designed to the "on^condition 
maintenace philosophy with no scheduled overhauls 
0 A condition monitoring system would not be available on the derivative 
engine 

0 Improvements in the core engine would increase mean time between overhaul 
(MIBO) by 8*5X 

The maintenance costs of the 1749** and 3544*kW (2345 and 4752 shp) derivative 
engines were estimated to be 8*4Z lower than the current technology engines. 

A comparison is shown in Table LlII* 


107 


TABLE Llll. - MAINTANANCE COST COMPARISON FOR BASELINE AND DERIVATIVE 

ENGINES 


Engine rating~-kH (shp}/SLS 

Maincanance cose****$/EFH 
Baaalina engine 
Derivative engine 


1749 (2345) 3544 (4752) 


40.73 64.91 

37.38 59.57 


The reduction in costs attributed to the derivative engines is primarily the 
result of the improved isain drive reduction gearbox. The gearbox reduced the 
cost by 9.22, while the power section increased in cost by 0.82. The in'* 
creased cost for the power section resulted from the net effect of increased 
parts cost and decreased overhaul removal rate. 

Advanced STAT Engines 

The maintenance cost projections for the advanced STAT engines were estimated 
by multiplying the line and shop labor and oiaterial charges per maintenance 
action by the corresponding rate of maintenance action, or repairs. Labor 
costs expressed in 1979 dollars were based on a direct labor rate of $10.00/h 
and a burden labor rate of $18.00/h. Material costs per repair were developed 
using estimated acquisition costs and historical data relating per~repair ma- 
terial costs to acquisition costs on a percentage basis. 

The results of the maintenance cost projection is shown in Table LIV and Fig- 
ure 45, where they are also compared with the baseline (current technology) 
and derivative engines. 


TABLE LIV. - MAINTENANCE COST PROJECTION OF ADVANCED STAT ENGINES 
COMPARED WITH BASELINE AND DERIVATIVE ENGINES 


Engine rating~kW (shp)/SLS 

Maintenance cost— 8/EFH 
Baseline engines 
Derivative engines 
Advanced engines 


1749 (2345) 


40.73 

37.38 

17.87 


3544 (4752) 


64.91 

59.57 

24.64 


The improvement in maintenance cost of the derivative engines over the base- 
line engines is due primarily to incorporation of advanced reduction gear- 
boxes. The further improvement of the advance engines is due to the incorpo- 
ration of advance technologies which improve reliability and facilitate main- 
tenance actions. The cost projections of advanced engine maintenance over 
chat of the baseline engine, are such that the 1749 kW (2345 shp) engine cost 
will be reduced by about 562 and Che 3544 kW (4752 shp) engine cost will be 
reduced by about 622. These reductions are the net effect of the design, re- 
liability, and maintainability features described previously. 
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To show th« advontogot of uaing eooditlon noaltoring* an aatlaatlon of tha 
■alntananca eoata without tha uaa of condition nonltorlng waa alao nada* Con* 
pariaon with and without condition nonltorlng are ahown in Table LV* 


TABLE LV. - MAIMTENANCE COST PROJECTIONS OF ADVANCED STAT ENGINES WITH 

AND WITHOUT CONDITION MONITORING 


Engine rating~kW (ahp)/SLS 

Maintenance coat~i/EFH 

With condition monitoring 
Without condition monitoring 


17A9 (2345) 

17.87 

20.67 


3544 (4752) 

24.64 

30.50 


Ttwse coats were estimated by adjusting the rate of removals and the increased 
damage (material costs) that would occur before detection of a failure could 
be made. Instead of the 56Z for the 1749 kW (2345 shp) and 62Z percent for 
the 3544 kW (4752 shp) oialntenance cost sa'^ngs, they %iould be reduced to 
about 49 and 53Z, respectively. Thus, the net effect of condition monitoring 
is about 7 to 9Z in cost savings compared to the baseline. Comparing a given 
engine with and without condition monitoring, this feature reduces maintenance 
costs by about 14Z for the 1749 kW (2345 shp) to 19Z for the 3544 kW (4752 
shp) engines. 

To show the effect of on~condltlon malntanance, an estimation of the malnte'* 
nance costs of the 3544 kW (4752 shp) englno was made by assuming scheduled 
overhauls of 10,000 h on the cold section and 5000 h on the hot section. Com** 
parisons are shown In Table LVl. 


TABLE LVI. - MAINTENANCE COST PROJECTION OF 3544 kW (4752 stg>) ADVANCED 
STAT ENGINE WITH AND WITHOUT ON-CONDITION 

Scheduled overhauls— 
On-condition— 10,000-h cold section & 

7500-h TBO-HP turbine 5,000-h hot section 


Maintenance cost— i/EFH 

With condition monitoring 24.64 39.82 

Without condition monitoring 30.50 46.21 


These estimations were made by adjusting the rate of unscheduled removals 
downward and Inserting the rate for scheduled removals. Material and labor 
costs per action were also adjusted to account for the effect of Increased 
Inspection during scheduled overhauls on the extent of damage at failure. 
Scheduled maintenance (overhauls) Increased che cost about 62Z with condition 
nonltorlng and 52Z without It. Compared to the baseline engine, without con- 
dition monitoring, the cost reduction of the advanced engine with scheduled 
overhauls Is about 29Z. 
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This discussion shows thst aslntsnsncs cost laprovsnsncs iron ths hsssllns 
snglns csn vary froa shout 29 to 62X» dspsndlng upon vhsthsr ths aslntsnsncs 
concepts of on^ondltlon snd condition aonltorlng srs ussd* Tbs 29X laprovs* 
Bsnt for ths Advsnes STAT snglnss results froa the Incorporation of advenes 
tschnologlss which laprovs ths rsllsblllty of ths anginas* Rater to Tables 
XLV snd XLVI for a breakdown of these aslntsnance costs* 

Wslaht Trends 

Specific weight trends estlastud for the STAT engines, as coapsred to currant 
snd derivative technology trends, are shown In Figure 46. Ths current taeh'~ 
nology line was based on results froa Lockheed's studies for NASA Aaas* De~ 
rlvatlve technology was constructed to parallel the current technology trend 
line and was keyed to the weight of the XT701 turboprop derivative engine dls** 
cussed earlier* The 1790 kW (2400 shp) STAT engine was 14Z better In specific 
weight than the current technology reference* The 3579 kW (4800 shp) engine 
was 34Z better* The 3579 kW (4800 shp) engine has grsater laproveaent prlaar* 
lly because the reduction gear ratio Is much lower as the result of driving a 
propfan rather than a conventional propeller* 
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Figure 46* “ STAT specific weight trends* 
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En£io» T<chnoloav ComPTlson* 


Current (CTE), derivative (DTE), end advanced (ATE) STAT engine conpariaona in 
tema of afe, tieight, price, maintenance coat, and maximum envelope length and 
height at the rated condition are ahown in Tablea LVII and LVlll. (Mote that 
the current technology engine 'GTE* ia the aame aa GTE, except that the 'GTE' 
denotea "no inherited learning"*) Engine pricea, at STAT baaeline econoaiica, 
are ahown on a comnon basis with reapect to learning, i.e., without benefit of 
caeason production beam* Maintenance coata are for a mature engine. Note that 
the STAT engines achieve significant improvement a in afe and maintenance 
coats, which are the major drivers in DOC. Tables LVII and LVIll also show 
the price of the current technology engine with learning in a footnote to the 
table. 


TABLE LVll. - STAT TURBOPROP ENGINE COMPARISONS (SI UNITS) 


*afc— xg/W’s 

Percent change 
Weight— kg 

Percent change 
OEM price— I 

Percent change 
Maintenance cost— i/EPH 
Percent change 
Max envelope length**-m 
Percent change 
Max envelope height*'^ 
Percent change 


*sfc— Xg/W* 8 

Percent change 
Weight— kg 

Percent change 
OEM price— $ 

Percent change 
Maintenance cost~'-‘l/EFH 
Percent change 
Max envelope length— m 
Percent change 
Max envelope height— m 
Percent change 


*CTE* 

Rated power * 1749 kW 

86.19 

0 

364.7 

0 

352,800** 

0 

40.73 
0 

2.292 

0 

0.705 

0 

Rated power * 3544 kW 

79.74 
0 

533.9 

0 

560, 100*** 

0 

64.91 

0 

2.658 

0 

0.847 

0 


DTE 

ATE 

76.46 

71.69 

-11.3 

-16.8 

358.3 

318.9 

-1.7 

-12.6 

371,200 

286,000 

♦5.2 

-18.9 

37.38 

17.87 

-8.2 

-56.1 

2.217 

1.793 

-3.3 

-21.8 

0.675 

0.668 

-4.2 

-5.3 


70.78 

64.68 

-11.2 

-19.0 

524.8 

398.7 

-1.7 

-25.3 

599,200 

468,500 

♦7.0 

-16.4 

59.57 

24.64 

-8.2 

-62.0 

2.572 

2.215 

-3.3 

-16.7 

0.811 

0.735 

-4.2 

-13.3 


*Gearbox loss included 

**CTE OEM price - t285,500 

***GTE OEM price • $430,800 
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TABLE LVllI. - 8IAT TURBOPROP ENGINE COMPARISONS (CUSTOMARY UMITS) 



*CTE* 

DTE 

ATE 


Raced power * 2345 shp 



*s £ c— 1 bm/ hp-h r 

0.5101 

0.4525 

0.4243 

Percent change 

0 

-11.3 

-16.8 

Weight— Ibm 

804 

790 

703 

Percent change 

0 

-1.7 

-12.6 

OEM price— 1 

352,800** 

371,200 

286,000 

Percent change 

0 

♦5.2 

-18.9 

Maintenance cost— $/EFH 

40.73 

37.38 

17.87 

Percent change 

0 

-8.2 

-56.1 

Max envelope length— in. 

90.23 

87.29 

70.6 

Percent change 

0 

-3.3 

-21.8 

Max envelope height— in. 

27.74 

26.58 

26.28 

Percent change 

0 

Rac<*d power ■ 4752 shp 

-4.2 

-5.3 

*sfc— Ibsi/hp-hr 

0.4719 

0.4189 

0.3823 

Percent change 

0 

-11.2 

-19.0 

Weight— Ibm 

1177 

1157 

879 

Percent change 

0 

-1.7 

• 

CM 

• 

OEM price— $ 

560,100*** 

599,200 

468,500 

Percent change 

0 

♦7.0 

-16.4 

Maintenance cost— i/EFH 

64.91 

59.57 

24.64 

Percent change 

0 

-8.2 

-62.0 

Max envelope length- in. 

104.66 

101.25 

87.2 

Percent change 

0 

-3.3 

-16.7 

Max envelope height— in. 

33.34 

31.94 

28.92 

Percent change 

0 

-4.2 

-13.3 


*Gcarbox loss included 
**CTE OEM price - i2S5,500 
**«CTE OEM price - S430.S00 


Mission Results 

The engine technology conperisons will present results from the mission end 
aircraft cost analysis of the current, derivative, end advanced technology 
engines having cnaraeteri sties as developed and presented in previous sections 
of this report. It is notsd that in this study, aircraft charecteristics and 
technology level are fixed; i.e. , each engine technology is evaluated without 
change in airersft technology, even though it is probable that advancements in 
areas such as aerodynamics and structures could be incorporated with advanced 
engines to provide additional savir^s. This is also true with respect to the 
propeller characteristics; i.e., each engine technology incorporates current 
conventional propeller efficiencies, weight, acquisition, and auintanance cost 
values. Again, it is likely that advanced technology propellers would provide 
additional cost savings. 
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BnSltM p«rfotsaae« d«t« for tho dorlvotlvo ond advoneod oogioot woro •iaulocod 
by voing cfe choroetortoties of cho D04 eurronc coehoology ongloo (Modol 
PD370*37). Tho olMilotton conolato of odjuatlag tho ofe lovol of tho CTB by 
tho rotlo of tho doolga point ofc voluoo for tho roopoetlvo dorlvotivo ond 
odvoacod oagino to tho doolgn point ofc voluo of tho CTB onglno* 

Hlah Spood Aircraft 


Tho following ooction prooonto a gaoarol ovorviaw of tho rooulto obtoinod fron 
niioiott ovaluationo of tho CTB, DTB, and ATB in tho high opaod aircraft* This 
owarvlow will bo followad by a noro datallod proooatatioo of tho tachnology 
conpariflono obtalnod fron tho 183*2 ka (100 an) altomata ataga langth niaaion 
raaulta* 

Canoral niaaion raaulta, i.c*, aircraft doaign T0(*U, doalgn fual load, angina 
tako*off rating, and total aircraft coat (TAC) aro auanarlsad in Tabloa LIZ 
and LX along with fuol conauaption, DOC, and S-yoar total coat of ownorahip 
(TCO) raaulta for tho 1111*2 kn (600 on) doaign ataga length and cha 183*2 kn 
(100 nn) altornato ataga length niaalona* Tabloa LXl and LXII llata tho DOC 
and TCO raaulta for each of tho altomata ataga longtha, i«o., 97*6~, 18S*2~, * 
277*8*', 370.4**, and 740*8 ka (S0~, 100**, 150-, 2U0~, and 400 na) alaaiona* 


TABLE LIZ* - HISSION BESDLTS— HICH SPEED AIRCEAFT (SI UNITS) 


Doaign aircraft 
TOGW-- kg 
Puol~kg 
Fuol fraction 

Bogina TO rating at SLSS~*kH 
Aircraft power loadiog‘~*fcV/kg 
Airfraao acqulaiclon**~nillion i 
Propulalon ayatoa acquiaitioo-~*aillion $ 
Total aircraft coat'^'nilllon 8 

1111.2 ka ataga length (doaign) 

Doaign cruiao apood*~^K 
Cruiao altitudo~-a 
Block fuol~kg 

Fuol conauaption**'*! x 10*^ aircraft/yoar 

DOC at O "^/aka 

DOC at ~d/aka 

3-y TCO at -'million I 

5-y TCO at © -miUlon i 


CTE 


18,299 

1940 

0.106 

3532 

0.386 

4.226 

1.609 

5*833 


0.7 

10,668 

1190 

2496 

2.355 

2.718 

14*249 

15*897 


•CTE’ 


18,299 

1940 

0*106 

3532 

0.386 

4.226 

2.042 

6*288 


0.7 

10,668 

1190 

2496 

2*406 

2*769 

14.745 

16*393 


DTE 


17,895 

1700 

0.095 

3467 

0.388 

4.198 

2.144 

6*342 


0.7 

10,668 

1041 

2184 

2*286 

2*603 

14.245 

15*687 


ATE 


17,193 

1500 

0*087 

3341 

0.388 

4.148 

1.666 

5*814 


0.7 

20,668 

920 

1931 

1.932 

2.213 

12*320 

13*595 
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TABLE LZX. 

(GOMT) 

CTE 

•CTE* 

DTE 

ATE 





15.2 la stage length (altitude) 

Cruise altitude-^ 

5791 

5791 

5791 

5791 

Block fuel— kg 

3B0 

360 

336 

293 

Fuel consumption— L x lO'^/alrcraft/year 

3155 

3155 

2607 

2435 

DOC at ^ -^/skm 

4.794 

4.671 

4.643 

4.066 

DOC at a — d/skm 

5.490 

5.567 

5.256 

4.603 

5-y TCO at O —million i 

17.902 

16.396 

17.657 

15.717 

5-y TCO at 0 -million i 

19.966 

20.461 

19.711 

17.324 


O fu«l cost ■ |0*264/L 
® ftt«l cose ■ |0*396/L 


TABLE LX. - HISSION EESULTS— HIGH SPEED AIRCXAFT (CUSTOMARX UMITS) 


Design alrcrsft 
TOGW— IbB 
Fuel— lb« 

Fuel fraction 

Engine TO rating at SLSS— shp 
Aircraft power loading— shp/lba 
Alrfraae acquisition— million i 
Propulsion systsa acquisition— million i 
Total aircraft cost— million i 

600-IM stage length (design) 

Design cruise speed— 

Cruise altitude— ft 
Block fuel— Ibm 

Fuel consumption— gal x 10"3 /aircraft/year 
DOC at $ — s/s» 

DOC at ® — d/snm 
5-/ TCO at (I) —million I 
5-y TCO at <2> —million i 
100'*IM stage length (altitude) 

Cruise altitude— ft 
Block fuel— Iba 

Fuel consumption— gal x 10”^ /aircraft /year 

DOC at ® -^/snm 

DOC at 0 — d/sn 

5-y TCO at ® —million i 

5-y TCO at ® —million i 


CTE 

♦CTE* 

DTE 

ATE 

40,343 

40,343 

39,45‘» 

37,905 

4276 

4276 

3747 

3308 

0.106 

0.106 

0.095 

0.087 

4736 

4736 

4649 

4480 

0.235 

0.235 

0.236 

0.236 

4.226 

4.226 

4.198 

4.148 

1.609 

2.042 

2.144 

1.666 

5.635 

6.268 

6.342 

5.614 

0.7 

0.7 

0.7 

0.7 

35,000 

35,000 

35,000 

35,000 

2623 

2623 

2295 

2029 

659.3 

659.3 

576.9 

510.1 

4.361 

4.455 

4.233 

3.578 

5.033 

5.128 

4.821 

4.098 

14.249 

14.745 

14.245 

12.320 

15.897 

16.393 

15.687 

13.595 

19,000 

19,000 

19,000 

19,000 

838 

838 

741 

647 

83? . 4 

833.4 

741.4 

643.1 

8.878 

9.021 

8.598 

7.530 

10.168 

10.311 

9.738 

8.524 

17.902 

18.398 

17.857 

15.717 

19.986 

20.461 

19.711 

17.324 


0 fuel cost ■ il.OO/gal 
Qi fuel cost “ il*50/gal 
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TABLE UI. - ALTERNATE STAGE LENGTH MISSION BESULTS— HIGH SPEED AIRCRAFT 

(SI UNITS) 



CTE 

’CTE* 

DTE 

ATE 






92.6 ka stage length 

Cruise altltude^na 

3048 

3048 

3048 

3048 

Block £uel~kg 

258.1 

258.1 

225.4 

199.1 

DOC— ^/stas— ^ 

7.326 

7.431 

7.118 

6.321 

DOC— rf/sloi— (2) 

8.271 

8.409 

7.943 

7.050 

5-y TCO— uilllon i— (J) 

19.595 

20.091 

19.452 

17.387 

5-y ICO— million 1— (2) 

21.663 

22.158 

21.259 

18.984 

185.2 km stage length 

Cruise altlttide— m 

5791 

5791 

5486 

5791 

Block fuel— kg 

380.1 

380.1 

336.1 

293.5 

DOC— ^/ska— ® 

4.794 

4.871 

4.643 

4.066 

DOC— ^/ska— © 

5.490 

5.567 

5.258 

4.603 

5-y TCO— million 

17.902 

18.398 

17.857 

15.717 

5-y TCO— million i— © 

19.986 

20.481 

19.711 

17.324 

277.8 km stage length 

Cruise altitude— m 

7315 

7315 

7010 

7315 

Block fuel— kg 

477.2 

477.2 

421.4 

367.9 

DOC— ^/skn— © 

3.873 

3.940 

3.750 

3.254 

DOC— d/ska— © 

4.455 

4.523 

4.264 

3.704 

5-y TCO— million i— Q 

16.860 

17.356 

16.828 

14.729 

5-y TCO~TBlllion t— © 

18.86G 

19.356 

18.606 

16.272 

370.4 ka stage length 

Cruise altitude— m 

8230 

8230 

7925 

8230 

Block fuel— kg 

565.6 

565.6 

499.4 

436.4 

DOC— ^ /ska- © 

3.390 

3.452 

3.282 

2.832 

DOC— ska— © 

3.908 

3.970 

3.739 

3.231 

5-y TCO— Tiiillion ^~“© 

16.188 

16.683 

16.166 

14.098 

5-y TCO— million t— © 

18.177 

18.612 

17.878 

15.587 

740.8 km stage length 

Cruise altitude— m 

10363 

10058 

10058 

10058 

Block fuel— kg 

877.2 

884.5 

772.9 

683.1 

DOC— ^ /ska— © 

2.624 

2.678 

2.545 

2.165 

DOC— rf/ska- © 

3.026 

3.083 

2.898 

2.478 

5-y TCO—mllllon t—Q 

14.773 

15.316 

14.788 

12.839 

5-y TCO— million t— © 

16.489 

17.052 

16.306 

14.180 


fuel cost ■ i0.264/L 
fuel cost ■ i0.396/L 
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TABLE LXII. - ALTERNATE STAGE LENGTH MISSION RESULTS— HIGH SPEED AIRCRAFT 

(CUSTOMARY UNITS) 



GTE 

»CTE' 

DTE 

ATE 






S0**NM stage length 

Cruise altitude— ft 

10,000 

10,000 

10,000 

10,000 

Block fuel— Iba 

569 

569 

497 

439 

DOC— ^/si*— $ 

13.567 

13.763 

13.182 

11.706 

DOC— rf/ STMI— W 

15.317 

15.513 

14.711 

13.056 

5 -y TCO— Billion S— 0 

19.595 

20.091 

19.452 

17.387 

5-y TCO— Billion S— 0 

21.663 

22.158 

21.259 

18.984 

100>NM stage length 

Cruise altltide— ft 

19,000 

19,000 

18,000 

19,000 

Block fuel— IbB 

838 

838 

741 

674 

DOC— d/snn— 0 

8.878 

9.021 

8.598 

7.530 

DOC— ^/sna— 0 

10.168 

10.311 

9.738 

8.524 

5-y TCO— Billion S— 0 

17.902 

18.398 

17.857 

15.717 

5-y TCO— Billion S— 0 

19.986 

20.481 

19.711 

17.324 

ISO-NM stage length 

Cruise altitude— ft 

24,000 

24,000 

23,000 

24,000 

Block fuel— Ibm 

1052 

1052 

929 

811 

DOC— d/sm— 0 

7.172 

7.297 

6.945 

6.027 

DOC— d/siBS— ® 

8.251 

8.376 

7.897 

6.859 

5-y TCO— Billion S““0 

16.860 

17.356 

16.828 

14.729 

5-y TCO— Billion S— 0 

18.860 

19.356 

18.606 

16.272 

200-NM Stage length 

Cruise altlttide— ft 

27,000 

27,000 

26,000 

27,000 

Block fuel— Ibm 

1247 

1247 

1101 

962 

DOC— d/snm— 0 

6.278 

6.394 

6.079 

5.244 

DOC— d/sna— © 

7.238 

7.353 

6.925 

5.984 

5-y TCO— Billion S— 0 

16.188 

16.683 

16.166 

14.098 

5-y TCO— Billion S— 0 

18.117 

18.612 

17.878 

15.587 

400-NM stage length 

Cruise altitude— ft 

34,000 

33,000 

33,000 

33,000 

Block fuel— Iba 

1934 

1950 

1704 

1506 

DOC— d/stsi— 0 

4.860 

4.960 

4.713 

4.010 

DOC— d/soB— © 

5.604 

5.710 

5.368 

4.589 

5-y TCO— Billion S“-0 

14.773 

15.316 

14.788 

12.839 

5-y TCO— Billion S— 0 

16.489 

17.052 

16.306 

14.180 


S fuel cost * Si •00/gal 
fuel cost ■ Sl*50/gal 


Note that Tables LIX through LXII list DOC and TCO results for fuel costs of 
SO.264 and S0*396/L (Sl.OO and Sl.50/gal). 
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The DOC results listed in Tebles LIX through LXIl ere illustrated in Figures 
47 and 48 as plots of DOC versus blocK distance (aission stage length) for the 
^.264 and i0.396/L (tl«00 and ll.SO/gal) fuel costs, respectively. Figure 49 
shows the percent reductions in DOC obtained with the DTE and ATE, relative to 
Che CTE, plotted against block distance. The DOC savings for the DTE are in'* 
dicated in Figure 49 to be relatively insensitive to block distance with an 
approxiiMCe 4X reduction at the 10.396/L (ll.SO/gal) fuel cost. The DOC re* 
suits for the ATE indicate 15. 5Z reduction at the higher fuel coat increasing 
to 18. SZ at greater block distances. 



SlKk distance»nm 


TE80-20m 


Figure 47. - DOC versus block distance'**high speed aircraft, fuel cost 

$0.264/L (8l.00/gal). 


117 


P«rcent reduction in DOC 








Th« S-'year TCO results Listed in Tables LIX through LXIl ere shown in Figures 
SO and 51 as plots of TCO versus block distance* Figure 52 shows Che percent 
reductions in TCO obtained with the DTE and ATE, relative to the CTE, plotted 
against block distance* The percent reductions in TCO for both Che DTE and 
ATE are indicated to be relatively insensitive to block distance with Che DTE 
having an approximate IZ reduction and the ATE a 14Z reduction in TCO at the 
iO*396/L ($l*S0/gal) fuel cost* Figure S3 shows the S**year TCO improvement 
obtained with the DTE and ATE in terms of dollar savings at each block dis- 
tance* The DTE indicates an approximate i2S0,000 savings at each block dis- 
tance with Che iO*396/L (il*50/gal) fuel cost* The ATE indicates an approxi- 
mate i2*3 Co i2*7 million savings dependent upon block distance, with the 
iO*396/L ($l*S0/gal) fuel* 

The fuel burned or fuel consumption improvements obtained with the DTE and ATE 
are illustrated in Figure 54* This figure shows percent reduction in fuel 
consumption, relative to the CTE, plotted against block distance* The reduc- 
tions for both the DTE and ATE are indicated Co be essentially constant over 
the range of block distances, with Che DTE obtaining an approximate 11 Co 12% 
reduction, and the ATE an approximate 22 to 23Z reduction in fuel burned per 
mission. The fuel savings Chat could be achieved over a 10-year period of 
operation with a fleet of LOO aircraft is shown in Figure 55* This figure 
plots DTE and ATE fuel savings, relative to the CTE, versus block distance. 
Figure 55 indicates relatively higher savings Co Che shorter block distance 
with the DTE savings ranging approximately from 341 Co 303 million liters (90 
Co 80 million gal). The fuel savings obtained with the ATE range approximate- 
ly from 719 to 568 million liters (190 Co 150 million gal) of fuel. 

The variation in block speed across the range of block distances examined in 
this study is shown in Figure 56. This figure shows a change in block speed 
from 315 km/h (170 kt) for the 92.6 km (50 nm) distance Co 648 km/h (350 kc) 
for Che 1111*2 km (600 nm) design stage length with the block speed for the 
185*2 km (100 nm) distance indicated to be approximately 426 km/h (230 kt). 

A summary of Che percentage changes in critical aircraft and cost parameters 
resulting from engine technology improvements is shown in Table LXIIl. These 
percentage changes are relative to Che CTE powered aircraft values. The cost 
parameters were calculated for Che 185.2 km (100 nm) stage length mission 
(185.2 km (IOC nm) block distance) only. (Note that 'CTE* is the same engine 
as CTE except for price, which is higher* 'CTE* reflects m all new engine 
with no inherited learning.) 
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Block distanco— nm 


Figure 50. -* 5-year TCO versus block distance — high speed aircraft, fuel cost 

i0.264/L (tl.OO/gal). 


TABLE LXIII. - TECHNOLOGY COMPARISON— HIGH SPEED AIRCRAFT 

185.2 ka (100 nm) block distance 

Percent change from CTE 
rrw » rrw » otf 



CTE 

•CTE' 

DTE 

ATE 

TOGW 

Base 

0 

-2.2 

-6.0 

TAC 

Base 

+7.4 

+8.7 

-0.4 

Fuel consuaptlon 

Base 

0 

-11.0 

-22.8 

DOC at (3) 

Base 

+1.6 

-3.2 

-15.2 

DOC at (2l 

Base 

+1.4 

-4.2 

-16.2 

5-y TCO at (J) 

Base 

+2.8 

-0.2 

-12.2 

5-y TCO at (2) 

Base 

+2.5 

-1.4 

-13.3 










The eombinecion of the efe, weight, end envelope dineniione of the ATE le 
shown to have reduced eirereft TOGW by 62. However, the total aircraft cost 
is shown to be essentially the same as the CTE^potrered aircraft. This is a 
result of the fact that the lower airframe less power section cost was offset 
by the higher acquisition cost of the ATE compared to the GTE. It is noted 
that the significantly higher cost of the DTE with respect to the ATE con 
tributed significantly to a 92 increase in total aircraft cost over the GTE. 

The fuel consumption percentage changes basically reflect the sfc improvements 
associated with the DTE and ATE plus the reduced rated engine power associated 
with Che GTE and ATE aircraft, which in turn resulted from Che gross weight 
reduction. The 122 difference between Che DOC and TCO reductions shown for 
the DTE and chose shown for Che ATE is a result of the combination of Che 
ATE's larger sfc, engine acquisition, and maintenance cost improvement rela* 
tive to Che DTE. It is noted Chat increasing Che fuel cost from iO.264 Co 
$0,396/1 (il.OO Co $1. 50/gal) produces a 12 larger reduction in DOC and TCO 
for both the derivative and advanced engines compared to the current engine. 

A comparison of Che lO-year fuel requirements of an assumed fleet of 100 air~ 
craft flying Che 185.2 km (100 nm) stage length exclusively is shown in the 
bar graph presented in Figure 57. This figure indicates a savings of 348 mil- 
lion liters (92 million gal) for the DTE, and 719 million liters (190 million 
gal) of fuel for the ATE. 

A comparison of the 10-year DOC for Che fleet and mission prescribed in the 
preceding fuel comparison is shown in Figure 58 for both $0,264 and $0,396/ 
liter ($1.00 and $1. 50/gal) fuel costs. This bar graph indicated a savings in 
Che order of $116 million for the DTE, and $529 million for the ATE at the 
$0. 396/liter ($1. 50/gal) fuel cost. 

A breakdown of Che cost element in DOC for each of Che technology engines is 
shown in Figure 59. Figure 59 indicates that the DOC reduction for Che DTE 
was essentially a result of the sfc improvement. Note that Che sfc improve- 
ment was offset to a small extent by Che higher depreciation and insurance 
costs associated with Che higher engine acquisition cost. The DOC reduction 
noted for Che ATE was essentially a result of a combination of significant sfc 
reduction, engine acquisition, and maintenance cost improvements. This figure 
also illustrates that significant improvement in efficiency is required to 
maintain current DOC levels in Che face of rising fuel costs. 


122 


• CTE baseline engine 


Fuel cost •$0,264/1111.001981) 
Fuel cost •$0.396/U$1.50/gal) 


B ode distance— km 


Block distance— nni 


Figure 53* * S~year ICO savings— high speed aircraft* 


Low Speed Aircraft 


The following section presents a general overview of the resulbS obtained from 
mission evaluations of the CTE, DTE, and ATE In the DDA low speed aircraft. 
This overview will be followed by a more detailed presentation ot the technol- 
ogy comparisons obtained from the 185.2 km (100 nm) alterncte stage length 
mission results. 


General mission results, l.e. , aircraft design TOOW, design fuel load, engine 
take-off rating, and TAG, are summarized In Tables LXZV and LXV along with 
fuel consumption, DOC, and 5-year TOO results for the 1111.2 km (600 nm) de- 
sign stage length and the 185.2 km (100 nm) alternate stage length missions. 
Tables LXVI and LXVII list the DOC and TOO results for each of the alternate 
stage lengths. 

Note that Table LXIV through LXVII list DOC and TCO results for fuel costs of 
iO.264 and t0.396/L (ll.OO and il.50/gal). 





• CTEMMlim«ngiM 



Figure S4. • Percent reduction In fuel consumed— high speed aircraft* 


TABLE LXIV. - MISSION RESULTS— LOW SPEED AIRCRAFT (SI UtUTS) 



CTE 

•CTE’ 

DTE 

ATE 

tslgn aircraft 

TOGW— kg 

18,928 

18,928 

18,468 

18,083 

Fuel— kg 

2080 

2080 

1822 

1684 

Fuel fraction 

0.110 

0.110 

0.099 

0.093 

Engine TO rating at SLSS— kw 

2139 

2139 

2095 

2057 

Aircraft power loading— kW/kg 

0.083 

0.083 

0.084 

0.084 

Airframe acquisition— vllllon i 

3.986 

3.986 

3.954 

3.926 

Propulsion system acquisition— million i 

1.116 

1.421 

1.468 

1.138 

Total alrcarft cost— million i 

5.102 

5.407 

5.422 

5.064 

Lll*2'*km stage length (design) 

Design cruise speed— 

0.47 

0.47 

0.47 

0.47 

Cruise altitude— m 

6096 

6096 

6096 

6096 

Block fuel— kg 

1466 

1466 

1279 

1180 

Fuel consumption— L x 10*^/alrcraft/year 

2298 

2298 

2005 

1851 

DOC at ® — ^/skm 

2.949 

2.997 

2.846 

2.544 

DOC at $ — d/skm 

3.396 

3.444 

3.237 

2.904 

5-y TCO at ® —million i 

13.118 

13.467 

12.966 

11.722 

5-y TCO at ® —million i 

14.636 

14.985 

14.290 

12.944 
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Figure SS. - lO-yeer fuel sevlng8~-hlgh speed aircraft* 


TABLE LXIV. (CONI) 



CTE 

'CTE' 

DTE 

ATE 






185*2-ka stage length (altitude) 

Cruise alMtude~m 

3048 

3048 

3048 

3048 

Block fuel*~kg 

369 

369 

321 

296 

Fuel coosuaptlon~L x lO'^/alrcraft/year 

2523 

2523 

2199 

2028 

DOC at d) ~^/ska 

4.030 

4.096 

3.884 

3.522 

DOC at -**d/skiB 

4.705 

4.771 

4.472 

4.064 

5-y TOC at ® —wllllon t 

13.063 

13.412 

12.900 

11.789 

5-y TCO at ® —■llllon t 

14.730 

15.078 

1-4.352 

13.128 


fuel cost ■ i0.264/L 
fuel coet <■ $0*396/L 
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• 185-km (100-nm) Mock distinct 

• Utiliatlonof2800h/y 

• 10-y ptriod of operation 

• 100 aircraft floft 
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Figure 58. “ DOC conp«rison'‘~’high speed eircrafc. 


TABLE LXV. - MISSION RESULTS— LOW SPEED AIRCRAFT (CUSTOMARY UNITS) 



CTE 

'CTE* 

DTE 

ATE 






tsign sircrefc 

TOCM— Ibo 

41,730 

41,730 

40,715 

39,866 

Fuel— Ibn 

4586 

4586 

4016 

3713 

Fuel fraction 

0.110 

0.110 

0.099 

0.093 

Engine TO rating at SLSS— shp 

2868 

2^368 

2810 

2758 

Aircraft power loading— shp/ Ibn 

0.137 

0.137 

0.138 

0.138 

Airfraae acquisition— sallion $ 

3.986 

3.986 

3.954 

3.926 

Propulsion system acquisition^'-million B 

1.116 

1.421 

1.468 

1.138 

Total aircraft cost— million 1 

5.102 

5.407 

5.422 

5.064 

(O-NM stage length (design) 

Design cruise spced-*^ 

0.47 

0.47 

0.47 

0.47 

Cruise altitude— ft 

20,000 

20,000 

20,000 

20,000 

Block fuel*li>o 

3231 

3231 

2819 

2602 

Fuel coneumption-*^el x IO*^/eircrxf t/yeer 607.0 

607.0 

529.7 

488.9 

DOC at **4/ snm 

5.461 

5.550 

5.271 

4.711 

DOC at (2) — 4/sm 

6.289 

6.378 

5.994 

5.378 

5-y TCC at (P —million 8 

13.118 

13.467 

12.966 

11.722 

5-y TCO at <2> “million i 

14.636 

14.985 

14.290 

12.944 
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Figure 59* ~ DOC bre«kdown**'high speed sircrefc* 


TABLE LXV. (CONI) 


lOO'^NM stege length (altitude) 
Cruise sltitude'^'f t 
Block fuel**'*’lbB 


DOC at (J> *~i/sna 
DOC at Q ’^/$m 
5-y ICC at (p— Billion i 
5-y TCO at Q —Billion i 


CTE 

*CTE' 

DTE 

ATE 

10.000 

10,000 

10,000 

10,000 

813 

813 

708 

653 

666.6 

666.6 

581.0 

535.8 

7.663 

7.585 

7.193 

6.523 

8.713 

8.835 

8.282 

7.527 

13.063 

13.412 

12.900 

11.789 

14.730 

15.078 

14.352 

13.128 


(D fuel cost “ ll. 00/gal 
O ^uel cost • ll« so/gal 
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TABLE LXVI. - ALTERNATE STAGE LENGTH MISSION RESULTS~LOH SPEED AIRCRAFT 

(SI UNITS) 


CTE 


STtS'ka stage length 

Cruise «ltltude~^ 3048 

Block fuel~kg 219 

DOC— ^/sk»— d'' 5.261 

DOC— ^/slm— ^ 6.063 

5-y TCO— BllUon I— (5 12.629 

5-y TCO— million ® 14.078 

18S.2-ka stage length 

Cruise altitude‘'"tr. 3048 

Block fuel— kg 369 

DOC— ^/skm— (5 4.030 

DOC— ska— (2) 4.705 

5-y TCO-Tilllion i“ 0 13.063 

5-y TCO— million i— (2) 14.730 

277.8**ka stage length 

Cruise altitude— m 3962 

Block fuel— kg 495 

DOC— ^/skm- 0 3*606 

DOC— ska- (2) 4.211 

5-y TCO — million 8—0 13.066 

5-y TCO— million 8—0 14.734 

370.4-ka stage length 

Cruise altitude— m 4572 

Block fuel-kg 611 

DOC— ^/ska— 0 3.494 

DOC— ^/ska— 0 4.053 

5-y TCO— million 8~0 13.369 

5-y TCO— million 8-0 15.011 

740.8-ka stage length 

Cruise altitude— m 6096 

Block fuel-kg 1029 

DOC— ^/aka— 0 3.093 

DOC— ^/ska— 0 3.564 

5-y TCO— million 8—0 13.137 

5-y TCO— million 8~0 14.664 


*CTE* 

DTE 

ATE 

3048 

3048 

3048 

219 

191 

176 

5.352 

5.092 

4.614 

6.153 

5.790 

5.258 

12.978 

12.520 

11.438 

14.427 

13.782 

12.602 


3048 

3048 

3048 

369 

321 

296 

4.096 

3.884 

3.522 

4.771 

4.472 

4.064 

13.412 

12.900 

11.789 

15.078 

14.352 

13.128 


3962 

3658 

3962 

495 

437 

398 

3.666 

3.476 

3.152 

4.270 

4.010 

3.638 

13.415 

12.961 

11.791 

15.082 

14.444 

13.132 


4572 

4572 

4572 

611 

533 

491 

3.549 

3.363 

3.007 

4.109 

3.850 

3.457 

13.718 

13.181 

11.918 

15.360 

14.613 

13.239 


6096 

6096 

6096 

1029 

897 

828 

3.143 

2.984 

2.667 

3.614 

3.395 

3.046 

13.486 

12.981 

11.734 

15.013 

14.312 

12.963 


0 fuel cost ■ 80.264/L 
0 fuel cost ■ 80.396/L 


TABLE LXVII. - ALTERNATE STAGE LENGTH MISSION RESULTS— LOW SPEED AIRCRAFT 

(CUSTOMARY UNITS) 



CTE 

•CTE* 

DTE 

ATE 





ttammmm 

SO-NM stage leogth 

Cruise sltitide— ft 

10,000 

10,000 

10,000 

10,000 

Block fuel-lba 

482 

482 

420 

387 

DOC— ^/si*— (J) 

9.744 

9.911 

9.430 

8.545 

DOC— </sMi— (J 

11.228 

11.395 

10.723 

9.737 

5-y TCO— •llllOQ i— (5 

12.829 

12.978 

12.520 

11.438 

5-y TCO— nilllon i— ^ 

14.078 

14.427 

13.782 

12.602 

100~NM stage length 

Cruise altitude— ft 

10,000 

10,000 

10,000 

10,000 

Block fuel"lbB 

813 

813 

708 

653 

DOC— d/eoB— (D 

7.463 

7.585 

7.193 

6.523 

DOC— d/sim— ® 

8.713 

8.835 

8.282 

7.527 

5-y TCO— «llllon i— $ 

13.063 

13.412 

12.900 

11.789 

5-y TCO— million i— ® 

14.730 

15.078 

14.352 

13.128 

150-I0< stage length 

Cruise altitude— ft 

13,000 

13,000 

12,000 

13,000 

Block fuel— Ibn 

1092 

1092 

964 

877 

DOC— d/anm— ® 

6.679 

6,789 

6.437 

5.838 

DOC— d/snm— $ 

7.799 

7.908 

7.426 

6.738 

5-y TCO— million t— <D 

13.066 

13.415 

12.961 

11.791 

5-y TCO— million t— 

14.734 

15.082 

14.444 

13.132 

200-MM stage length 

Cruise altitude— ft 

15,000 

15,000 

15,000 

15,000 

Block fuel — Ibm 

1347 

1347 

1174 

1083 

DOC — d/snm— ® 

6.470 

6.573 

6.228 

5.569 

DOC— d/snm— ® 

7.506 

7.609 

7.131 

6.402 

5-y TCO— million ® 

13.369 

13.718 

13.181 

11,918 

5-y TCO— million t— ^ 

15.011 

15.360 

14.613 

13.239 

400-NM stage length 

Cruise altitude— ft 

20,000 

20,000 

20,000 

20,000 

Block fuel— Ihm 

2269 

2269 

1978 

1825 

DOC— d/snm— ® 

5.728 

5.821 

5.526 

4.939 

DOC— d/snm- O 

6.600 

6.693 

6.287 

5.641 

5-y TCO-^llllon $—0 

13.137 

13.486 

12.981 

11.734 

5-y TCO— million i— ® 

14.664 

15.013 

14.312 

12.963 


i 


fuel cost ■ il* 00/gel 
fuel cost ■ ll« so/gal 
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Th« DOC results llstad In Tables LXIV through LXVII srs lllustrstsd In Figures 
60 and 61 as plots of DOC versus block distance (mission stage length) for the 
iO.264 and i0.396/L (il.OO and il« 50/gal) fuel costs, respectively* Figure 62 
shows the percent reductions in DOC obtained with the DTE and ATE, relative to 
the CTE, plotted against block distance* The DOC savings for the DTE are in* 
dlcated in Figure 62 to be relatively Insensitive to block distance with an 
approximate SZ reduction at the i0*396/L' (il*S0/gal) fuel coat* The DOC re~ 
suits for the ATE Indicate slightly lower percentage reductions for the 
shorter block the ATE indicate slightly lower percentage reductions for the 
shorter block distances* A raxige of 13 to 15Z reduction at the higher fuel 
coat Is shown* 

The S-'year TCO results listed In Tables LXIV through LXVII are shown in Fig** 
ures 63 and 64 as plots of TCO versus block distance* Figure 65 shows the 
percent reductions In TCO obtained with the DTE and ATE, relative to the CTE, 
plotted against block distance* The percent reductions In TCO foi both the 
DTE and ATE are Indicated to be relatively Insensitive to block distance with 
the DTE having an approximate 2*5Z reduction and the ATE a llZ reduction In 
TCO at the i0*396/L (tl*50/gal) fuel cost* Figure 66 shows the 5-year TCO 
Improvement obtained with the DTE and ATE In terms of dollar savings at each 
block distance* The DTE Indicates an approximate $200,000 savings at each 
block distance with the $0*396/L ($1. 50/gal) fuel cost* The ATE Indicates an 
approximate $1*5 to 1*7 million savings, dependent upon block distance, with 
the $0*396/L ($l*50/gal) fuel* 



0 100 200 300 400 500 600 

Block distance^nm TE80-2092 

Figure 60* - DOC versus block dlstance~'~low speed aircraft s fuel cost $0*264/L 

($1* 00/gal)* 
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Figure 61* “ DOC versus block dlscaDce'*'~'low speed alrcraiti fuel cost i0.396/L 

(il. 50/gal). 


The fuel burned, or fuel consumption Improvements, obtained with the DTE and 
ATE are Illustrated In Figure 67. This figure shows percent reduction In fuel 
consumption, relative to the CTE, plotted against block distance. The reduc~ 
tlons for both the DTE and ATE are Indicated to be essentially constant over 
the range of block distances, with the DTE obtaining an approximate 132 reduc- 
tion, and the ATE an approximate 19.52 reduction In fuel burned per mission. 
The fuel savings that could be achieved over a 10-year period of operation 
with a fleet of 100 aircraft Is shown In Figure 68. This figure plots DTE and 
ATE fuel savings, relative to the CTE, versus block distance. Figure 68 Indi- 
cates relatively higher savings for the shorter block distances, with the DTE 
savings ranging from 322 tc 284 million liters (85 to 75 million gal). The 
fuel savings obtained with the ATE range from 492 to 454 million liters (130 
to 120 million gal) of fuel. 

The variation In block speed across the range of block distance examined in 
this study Is shown In Figure 69. This figure shows a change In block speed 
from 259 km/h (140 kt) for the 92.6 km (50 am) distance to 482 km/h (260 kt) 
for the 1111.2 km (600 nm) design stage length, with the block speed for the 
185.2 km (100 nm) distance Indicated to be approximately 352 km/h (190 kt). 


132 




200 400 600 800 1000 1200 

Block distanoe>kin 


1 I I I I I 


100 200 300 400 500 «00 

Block di$tanc»->nm 

T180'2094A 


Figure 62 • ~ DOC reductlons~low speed aircraft* 


A suimary of the percentage changes in critical aircraft and cost parameters 
resulting from engine technology improvements is shown in Table LXVIIl. These 
percentage changes are relative to the CTE-powered aircraft values* The cost 
parameters were calculated for the 185*2 km (100 nm) stage length mission 
(185*2 km (100 nm) block distance) only* 

The combination of the sfc, weight, and envelope dimensions of the ATE is 
shown to have reduced aircraft TOOK by 4*5Z* However, the total aircraft cost 
is shown to be essentially the same as the CTE-powered aircraft* This is be** 
cause the lower airframe less power section cost was offset by the higher 
acquisition cost of the ATE compared to the CTE* It is noted that the signify 
Icantly higher (with respect to the ATE) acquisition cost of the DTE con- 
tributed significantly to a 6Z Increase in total aircraft cost over the CTE* 


The fuel consumption percentage changes basically reflect the sfc improvements 
associated with the DTE and ATE plus the rated engine power reduction asso- 
ciated with the gross weight reduction* The approximate 9Z difference between 
the DOC and TCO reductions shown for the DTE and those shown lor the ATE is a 
result of the combination of larger sfc, engine acquisition, and maintenance 
cost Improvement associated with the ATE relative to the DTE* It is noted 
that Increasing the fuel cost from i0*264 to iO*396/L (il*00 to il*50/gal) 
produces a IZ larger reduction in DOC and TCO for both the derivative and ad- 
vanced engines compared to the current engine* 
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* No common production base 
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Figure 63* ~ 5~7ear TCO versus block dlstance~~low speed aircraft, fuel cost 

i0.264/L (*1.00/gal). 


TABLE LX7III. - TECHNOLOCiT COMPARISON— LOW SPEED AIRCRAFT 
185.2 km (100 am) block distance 

Percent change from CTE 


TOGW 

TAC 

Fuel consumption 
DOC at $ 

DOC at ^ 

5-y TCO at ® 
5-y TCO at ® 


CTE 

•CTE' 

DTE_ 

ATE 

Base 

0 

-2.4 

-4.5 

Base 

+6.0 

+6.3 

-0.7 

Base 

0 

-12.8 

-19.6 

Base 

+1.6 

-3.6 

-12.6 

Base 


-4.9 

-13.6 

Base 

+2.7 

-1.2 

-9.8 

Base 

+2.4 

-2.6 

-10.9 


Q fuel cost - i0.264/L (ll.OO/gal) 
O fuel cost ” i0.396/L (il. 50/gal) 
Utilization • 2800 h/y 
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Figure 64. - S*7ear ICO versus block dlsCance*~low speed aircraft, fuel cost 

i0.396/L (il.50/gal). 


A comparison of Che 10~year fuel requirements of an assumed fleet of 100 air- 
craft flying the 185.2 km (100 nm) stage length exclusively is shown in the 
bar graph presented in Figure 70. This figure Indicates a savings of 326 mil- 
lion liters (86 million gal) for the DTE and 496 million liters (l3l million 
gal) of fuel for the AXE. 

A comparison of Che 10-year DOC for the fleet and mission prescribed in the 
foregoing fuel comparison is shown in Figure 71 for both iO.264 and i0.396/L 
(tl.OO and il. 50/gal) fuel costs. This bar graph Indicates a savings on the 
order of ill5 million for the DTE, and i3l6 million for the ATE at Che 
i0.396/L ((l. 50/gal) fuel cost. 

A breakdoim of the cost element in DOC for each of Che technology engines is 
shown in Figure 72. 
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Figure 65« ~ S~year ICO reductlons~low speed aircraft* 


This figure Indicates that the DOC reduction for the DTE uas essentially a 
result of the sfc Improvement* Note that the sfc Improvement was offset to a 
small extent by the higher depreciation and Insurance costs associated with 
the higher engine acquisition cost* The DOC reduction noted for the ATE was 
essentially a result of a combination of significant sfc reduction^ engine 
acquisition, and maintenance cost Improvements* 


136 








r 




140 h 


3. 

<8 120 


T 100 


E 

I 

7 




500 


*8 

«/> 

s 


E 

I 

§• 


400 


5 

I 300 


200 


Figure 


400 


& 300 | 


I 

S 2001 


100 


Figure 69. 




J 



• 85 ^ (lOO-nrol block distinct 
tUtlllzalionorzaoOh/y 
t UHf piHod of oporation 
1 100 aircraft flHt 




> » i L- 

000 

Millions of Itttrs 

400 500 600 TOO 800 

Millions of 9 aiions 


3500 


900 


TE 80 - 2 KE 


Figure 70. ~ Fuel coosiuapClon coapari8oa‘*~low speed aircraft 
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Figure 72. ~ DOC breekdoim'^loH speed aircraft • 






BECOMMEMDATIONS FOR FUTUBE RBSBARCH 


NASA should sddrooo basic rssssrch and davslopasnc iMsds for cha osar cars to 
broadan eha loduatry data baaa for daalgo of advancad gas curbloa aogloaa for 
saall transport aircraft. A ganaral prograa dlractad tomrd specific araaa 
trhara an Invasraant In RAD dollars could produce critical data needed In da* 
sign of new turboprop anginas for coMutar application vlll be presented • 

These result s are based on a generalised prellalnary design study of coMButer 
aircraft turboprops at 1790 kv (2400 shp) and 3579 kv (4800 shp) slses for two 
different SO^passenger aircraft differing principally la Initial cruise altl* 
tude and design Mach nuaber* 

As advanced transport needs are resolved through STAT vehicle studies and user 
requlreaentSf a useful purpose could be fulfilled by lapleaentlng an experl~ 
aental engine prograa In a size consistent with 1990 projections of vehicle 
requlreaents* Although aost new technology voids can be filled by coaponent 
and aacerlal prograaa. the application of certain high risk design Innovations 
Bust be assessed by ezperlaent to develop sufficient confidence to proceed 
with full developaent* 

PROGRAM CONTENT 

The overall prograa content Is shown in Figure 73. This prograa includes the 
STAT propulsion study, basic R&O effort, and component R&D in the area of com- 
pressors, turbines and shafting, advanced structures, combustors, and controls 
and systems, leading to an experimental engine program that includes a design 
study, further component tests, test of a gas generator core, and finally the 
experimental core with the power turbine aud propeller gearbox added. 

The experimental engine program Is a four-year program led by a design effort 
In which results of the component R&D efforts are Integrated Into the experi- 
mental engine design. Aoout 200 hours of developmental engine testing are 
Included In the prograa. 

The experimental engine provides a means to continue basic R&D on high risk 
components In an engine envlronaent, and also provides a vehicle to gather 
data on high risk mechanical systems such as a full-time turbine active clear- 
ance control. This Is an exsaple of a system that would not be released for 
development on an engine prograa without some experimental engine experience. 

Certain undeveloped technology elements have been Identified during this study 
program as essential In the full-scale development of the STAT engines. Re- 
search programs leading to the fulfillment of these element requlreaents are 
described herein, and are listed In Figure 74. 


BASIC RESEARCH AND DEVELOPMENT 

STAT studies show that the largest Improvements In commuter aircraft DOC, as 
Influenced by the engine, are achieved through reduced engine fuel consumption 
and reduced maintenance cost. 
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Figure 73. ** STAT edvenced technology program. 


Fuel consumption can be reduced through improved thermodynamic cycle effi- 
ciency. Compressor pressure ratios around 20:1 and turbine RIT's near 1506 K 
(22S0*F) appear to offer the minimum OOC. Advanced engine component physical 
size is greatly reduced compared to current technology, which brings about a 
new set of challenges to realize the potential efficiency gains, and opportun- 
ities to reduce engine cost through application of new technology. As engine 
pressure ratio and RIT increases, more esq^asis must be placed on development 
of technology applcable to small high pressure ratio compressors of various 
types including axial and axial-centrifugal, both single and dual spool. New 
turbines, featuring advanced construction methods and new materials, are need- 
ed to improve cooling techniques and permit efficient blade design in the rel- 
atively small flow passages evailable. Bearing and shafting technology must 
be advanced to permit increased rotative speeds with ioiproved dynamics and 
increased bearing life. Engine reliability and maintainability must be ist- 
proved to achieve low maintenance costs and on-time performance. Basic re- 
search and development programs which are needed to achieve these gains are 
presented on Table LXIX with the benefit/cost ratio, rank, and probability of 
success shown for each program. Benefits are based on the reduction in total 
DOC assignable to each technology as applied to a fleet of 100 aircraft power- 
ed by current technology engines, operating at 2800 hr per year for a 10-year 
period on a typical route segment of 100 nautical miles and using fuel priced 
at 80.264/L Ul.OO/gal). 
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Technology Items 


Benefits 


Compressors 

Hybrid centrifugal compressor impeller 

Compressor errosion protection 

inlet particle separators 

Compressor noise reduction 

Axial compressor aft stage study 

Centrifugal compressor adv. high hub/tip study 

Turbines 

Hybrid turbine wheels 
Cast-in impingement cooling 
Aoradable coatings 

Oiffusers-combustors 
Vortex-controlled diffuser 
Transpiration cooled contustor-sheet fabrication 
Transpiration cooled combustor-fabrication 
Combustion noise reduction 

Structure and shafting 

Rotor/case response to rotating stall 
Composite gear cases 
Bearing fatigue life 
Composite shafting 
Supercritical shafting 

Engine systems 
Electronic controi 
Fuel pump and metering system 
Engine condition monitoring system 


Schedule 



Reduce cost 
Increase durability 
I ncraese durability 
Reduce noise 
improve performance 
improve performance 



Increase durability 
Improve performance 
Improve performance 



Improve performance 
Reduce cost 
Improve durability 
Reduce noise 



I mprove design 
Reduce weight and cost 
I mprove design 
Increase durability 
I mprove design 



I mprove reliability 
Improve reliability 
Improve maintenance 


*Rank on a basis of 1 to 4 U - most urgent or beneficial i 
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Figure 74. - STAI technology research programs* 


Compressors 

Compressors chosen for STAT engines feature high pressure ratio, single-spool 
configurations with reduced numbers of stages and reduced blade count* Split- 
spool configurations appear to offer similar gains in performance with gen- 
erally increasing complexity and somewhat lower risk* 

Axial-centrifugal compressors tend to result in shorter engines when used with 
foldback combustors* This, in turn, reduces shaft length and eases dynamic 
problems at the expense of greater diameter at the engine midsection and pro- 
bably lower overall compressor efficiency* Axial compressors tend toward 
higher efficiency; however, small blade sizes in the latter stages can result 
in performance penalties that may offset fundamental gains. An expanded com- 
pressor data base is required to make the proper choice in advanced engine 
design* 
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TABLE LXIX« « CRITICAL TECHNOLOGY ELEMENTS FOR STAT RESEARCH AND DEVELOPMENT 


Cost 

gotln< Ttchnoloty Proirw |000*» 

Povr Stction 

o Co«pr«Mor 

Hybrid Csnt. Coapr* lapalXar 560 

AxUl Coapr* 4ft Stag* Study 620 

Cant* Coapr. Adv* Hl-Hub/Tlp Study 660 

Coapr. Eroalon Protact Ion 620 

Inlat Part Ida Saparatora 500 

Rotor/Caaa Raaponaa to Rotat* Stall 300 

o Turbina 

Hybrid Rotors 560 

Coapoaita Sbaftint 600 

Supar Critical Shafting 350 

Caat*»In lapingaaant Cooling 250 

Abradabla Coatings 680 

Baarlng Fatigua Lifa 280 

o Coabuutor/Dlffusar 

Vortar^Controllad Diffuaar 690 

Transplration-Coolad Coab,-Shaat Fab 530 

Transpiratlon-<oolad Coab, Fab 650 

o Engina Accaasorlad 

Elactronic Fual Control 250 

Fual PuBp & Mataring Systaa 600 

Engina Condition Monitoring 600 

o Nolsa Raduction 

Coaprassor Noisa Raduction 250 

Coabustor Noisa Raduction 500 

Raduction Caar 

o Coapoaita Caar Casa 300 


*Rankad on basis of Banaf It/Cost Ratio 



B«Mflt/ 


Ftobsbllity 

*000.000'* 

Cost Ratio 

Rank* 

of Succssa 


5.851 

10*65 

12 

Llkaly 

16*066 

25*88 

5 

Llksly 

7.26? 

10*60 

11 

Llkaly 

10*503 

16.96 

8 

Ukaly 

12*253 

26.51 

6 

Llkaly 

15.170 

50.57 

2 


1*659 

2.61 

19 

Ukaly 

2*062 

5.11 

17 

Llkaly 

1.750 

5*00 

18 

Llkaly 

1.750 

7.00 

16 

Llkaly 

13.128 

19.31 

7 

Llkaly 

2.917 

10.62 

13 

Asaurad 

8.169 

16.67 

9 

50/50 

0*875 

1.65 

20 

Llkaly 

0.583 

0.90 

21 

Ukaly 

2.917 

11.67 

10 

Llkaly 

3*501 

8.75 

14 

Llkaly 

29.174 

72.94 

1 

Llkaly 

6.710 

26.84 

4 

Llkaly 

6.084 

8.17 

15 

Llkaly 

11*670 

38.90 

3 

Llkaly 


In order to reduce maintenance cost* a primary STAT engine requirement > it is 
beneficial to protect the engines from dust-laden air common to many airports 
used by commuter transports* This protection may be obtained by filtering 
dust particles from the inlet air» making the compressor more tolerant of the 
dirty air I or a combination of both* 


The state of the art for advanced propellers and propfans is such that they 
will exhibit much lower noise generation than do current propulsors* For this 
reason, it is essential that advance turboprop engines be considerably quieter 
than current engines of comparable power* The STAT engines, in particular, 
due to their high cycle pressure ratios and resulting supersonic compressor 
blade tip velocities, require some form of compressor noise reduction* 

The high pressure ratio of the STAT engines is achieved with compressors which 
are designed with minimum rotor tip clearances and have highly loaded stages, 
compared with current technology engines* One of the problems encountered in 
designing such compressors is predicting tip clearance during periods of dy- 
namic structural response due to surge, rapid thermal gradients, and the rela- 
tively unknown phenomenom of rotating stall* 
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Th« tMll dl«a«t«r, high «p««d r«qulrra«ne of th« 1790 kv (2400 thp) STAT «n~ 
gln« pr«a«nts « prohlui for th« dotign of a practical <’o< oraaaor iapallar* 

Tha bora loada for auch an iapallar pracluda tha uaa of e convantional caat 
iapallar* Tha aolucion aalactad for tha STAT angina ia tha uaa of an advancad 
hybrid iapallar with a forgad hub diffualon bondad to a caat outar ahall with 
bladaa. 

Coapraaaor raaaarch prograaa racoaaandad ara: 
o Hybrid cantrlfugal coapraaaor iapallar 
o Coapraaaor aroalon protaction 
o Inlat particla aaparatora 

o Axial coapraaaor aft ataga atudy > 

o Cantrlfugal coapraaaor*advancad high hub/tip ratio atudy i 

o Rotor/caaa raaponaa to rotating atall \ 

\ 

Hybrid Centrifugal Coapraaaor Iapallar a 

Tha STAT 1790 kw (2400 ahp) angina incorporataa a centrifugal coapraaaor iar 
pallar in ita laat ataga. Thu high apaad and aaall aiza of thia iapallar ia 
auch chat a convantional caat iapallar uill not aaat tha bora loading raquira* ^ 

aanta. It ia nacaaaary to develop a hybrid iapallar for thia application, 
which haa a high atrangth, forgad hub diffuaion bondad to a caat outar ahall 
with bladaa* An example of thia type of iapallar ia ahown in Figure 73. 

Thia STAT program will addraaa Co tha heat treat raaponaa of aalactad alloy ] 

combinationa, the generation of a data baaa for a aingle alloy combination and [ 

component cyclic apin (LCF) tasting* j 

1 

Compraaaor Eroaion Protection > 

The STAT angina raquiramenc for minimum maintenance cost will be met in part 
by daaignlng ita coapraaaor to ba tolerant of dirt particlaa Ingaated in tha 
airatraaa, aa shown in Figure 76. A need axiata for a computer model that 
will enable tha designer to predict the dirt tolerance of any given compressor 
configuration, and thereby enable him to select the optimum design from sev- 
eral candidates* 

The elements required to develop auch a computer model include: 

o Modification of an existing solid particle trajectory calculation model to 
account for particle impacts with the rotating and stationary blading 
within a compressor* 

o A new mathematical model for the mechanics of- 
Particle rebound from compressor surfaces 
Particle shattering upon impact 
Compraaaor blading and side-wall material loss 
o Determination of performance and stability of an eroded compressor from 
the effects of- 

Clearance changes 
Increased roughness 
Decreased solidity 
Blade shape change 
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Figure 75. - Dual-property titanium impeller with a wrought Ti-b24b hub HIP 
bonded to a cast Tl-6242 airfoil shell. 


o Test validation — A test program will be conducted with controlled contami- 
nant ingestion to ascertain compressor performance less, stability loss, 
and erosion damage resulting from contaminant ingestion. The test program 
will include two single-stage test compressors, one representing current 
technology and the other designed to minimize erosion eftects. 


In meeting the STAT requirement for minimum maintenance cost, one of the areas 
of concern is preventing ingestion of dirt-laden air, which is the primary 
cause of erosion damage causing performance loss and frequent repair. An in- 
let particle separator (IPS) may be required for the STAT engines to eliminate 
this problem. Basic test data and analytical studies are required to design 
an efficient and cost-effective IPS for the STAT engine commuter transport 
a ircraf t . 




An existing particle trajectory calculation will be used to assess the poten* 
tlal separation efficiency of various IPS concepts suitable for use with STAT 
engines* Since the calculation is for axlsysmetrlc or two-dimensional ducts, 
the nonaxisymmetrlc cases will be modeled as piecewise two-dimensional or 
axlsymmetrlc. 

The two most promising candidate concepts (one axlsymmetrlc and one nonaxlsym- 
metrlc) will be selected for detailed design and testing on a flow rig. A 
typical concept is shotm on Figure 77. The testing will allow determination 
of pressure drop through the separation devices, inlet total pressure distor- 
tion at the exit of the device (which Is the compressor Inlet plane), and sep- 
aration efficiencies of the device for various types of test contaminants such 
as aircraft coarse dust and Mll-C-sand. 

This STAT research program will provide the basic data required for the devel- 
opment of a practical IPS for the STAT engines. 

Rotor/Case Response to Rotating Stall 

Increased performance and reduced life cycle costs desired for compressors of 
advanced gas turbine engines, like the STAT engines, are being achieved by 
designs with fewer and more highly loaded compressor stages, while maintaining 
tight rotor tip clearances. This simultaneous achievement of higher aerody- 
namic loading and minimum tip clearance Is extremely difficult because of the 
dynamic behavior of the rotor and case during surge, rotating stall (Figure 
78), and periods of rapid thermal gradients. 
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A predictive capability which will yield accurate Informatioo regarding tip 
clearance variation during periods of dynamic structural response is vital to 
the success of the STAT advanced compressor designs* Current analytical tech- 
niques do not account for .^symmetric effects in rofor/case coupled, structural 
response* These effects, due to such common features as compressor horizontal 
flanges or bleed manifolds, can be very important in the structural dynamic 
response of compressors* 
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This STAT rsssareh progrsa would provido an analytical capability racognlslng 
thasa asymatrlc affacts, and thus ylald an laprovad pradlctlva capability 
coaiparad to tha currant stata of tha art* Additionally, this prograa will 
ylald axparlaantal data dascrlblng tha structural rasponaa of an advancad tur- 
boahaft coapraasor* 

Axial Conprassor Aft Staga Study 

Tha STAT anginas hava a high prassura ratio, coaparad to that of currant each'* 
nology anginas. In ordar to achlava tha daslrad fual saving parforaanca* This 
NASA rasearch study would ba concamad with potential problaas aasoclatad with 
tha vary saall blade rows coaprlslng tha latter stages of high pressure ratio/ 
low flow axial conprassors, as shotm In Figura 79* To laprove the erosion 
resistant characteristics of thasa saall airfoils, nonoptlaua distributions of 
thicknass-to-chord and leading edge radius will be needed. A systeaatlc 
analytlcal/experlaental Investigation Into the performance characteristics of 
these nonoptlaua airfoil sections will add credance to parforaanca estimates 
of potential STAT compressors. A determination of the sensitivity of these 
small blade rows to production tolerances Including fillet geometry, angle 
variation, and surface finish, is needed. The compromises between close tol** 
erance (higher manufacturing cost) and aerodynamic performance with the re- 
sulting effect on DOC can be more accurately assessed with the data from this 
program. Reduced sensitivity of these stages to tip clearance will be a third 
part of the program work plan. Possible aerodynamic Improvements may Include 
blade track trenching and low loss end-wall loading distributions* 
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Figure 79* - Ariel compressor. 
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C<ntrlfug«l CompwofAdvanced High Hub/Tip Rttlo Study 

Darlvatlon of th« optiaua cycle parforaance for tha 1790 kH (2400 ahp) STAI 
angina ra suited in tha aalactlon of an axlal^cantrlfugal coaprasaor as da** 
scribed earlier In this report* Designing tha centrifugal stage for this coa~ 
pressor under all operating conditions will require certain data not currently 
available* 

This NASA research study would deal with probleas associated with designing 
high hub/tlp ratio centrifugal coapresaors to operate behind an axial coapres* 
sor, as shown in Figure 80* In general, the centrifugal stage of an axial' 
centrifugal coaprasaor will be characterised by high Inducer hub/tlp radius 
ratio and low specific speed* Operating behind an axial coapressor, the in** 
ducer would have to accept distorted Inlet conditions, which would vary with 
speed and loading* The high Inducer hub/tlp ratio results froa geoaetrlc 
matching to the axial coaprasaor and the desire to reduce engine length (re' 
duced transition froa axial exit to centrifugal Inlet) * The low specific 
speed (l*e*, reduced mechanical rotative speed for a given flow and pressure 
ratio) results from tradeoffs between axial and centrifugal compressor effl' 
clencles* 

The combination of high hub/tlp ratio and low specific speed results in an 
impeller flow path that looks quite different from most modem high perform' 
ance centrifugal compressors, which are designed to the lower hub/tlp ratios 
and higher specific speeds to maximize performance potential* It is not sur' 
prising, then, that the bulk of available data defining state'of'the'srt cen- 
trifugal performance Is based on these "more optimum" designs* 
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Figure 80* - Axlal-centrlfugal compressor* 
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High liip«ll«r «xlc back curvatur* la ganarally aeeaptad aa having poaltlva 
banaflta on conpraaaor parfoxaanca, a^ will probably ba Incorporatad In ad* 
vancad axlal*eantrlfugal daalgna* Tha affacCa of high Induear hub/tlp ratio 
on ataga parforaanea of thaaa advancad compraaaora will ba naadad for futura 
configuration atudlaa* 

Dual*acaga cantrlfugal conpraaaor taatlog haa ahown raducad parforwanca lavala 
for tha aacond atagaa* Thaaa raducad parforaanea lavala ara currantly attrl* 
butad to dlatortad Inlat condltlona balog dallvarad by tha intraataga croaa* 
ovar duct. Similar Inlat af facta would ba axpactad for oparatlon bahlnd an 
axial coapraaaor. The propoaad High Hub/Tlp Cantrlfugal Compraaaor Program 
would addraaa tha Inlat affacta by taatlng with "claan** and “dlatortad" Inlat 
condltlona. 

Turblnaa 

With tha hlghar praaaura ratio and higher turbine tamparatura choaan for tha 
STAT angina cycle, tha gaalflar spool speed Increases, and Its diameter da* 
creases, relative to current technology anginas. Turbina configurations 
chosen for STAT anginas feature hybrid turbine wheels that can meat the ra* 
suiting requirement for bora load*carrying capability within the size con* 
tralnt. 

The small size of the turbine wheels makes It virtually Impossible to use in* 
dividual turbine blades trith conventional dovetail attachswnt. The hybrid 
turbine wheels provide the solution to this problem by incorporating blades 
cast onto a ring, which. In turn. Is diffusion bonded to the wheel hub. Also, 
the soiall size of the turbine blades make necessary the use of casc*ln Im- 
pingement cooling air passages. 

The small size and high speed of the main rotor shafts In the STAT engines 
make it difficult to design the main bearings with satisfactory load-carrying 
capacity and fatigue life. Considerable promise of Improving these character- 
istics exists In batter understanding the formation and control of forging 
flow lines In the bearing balls. 

The small diameter of the STAT engines makes It Impractical to use subcritl* 
'al, conventional steal shafting. Metal matrix composites, however, offer 
Improved mechanical properties and can meet the desired shaft strength and 
stiffness within the size constraints. As a backup to composite shafting 
(should that material development not ba achieved In the STAT program time 
frame), supercritical steel shafting offers an alternate "aacond" choice. 

Basic design Information Is required In tha ability to predict dynamic re- 
sponse, and to control vibrations In supercritical shafts in order to obtain 
their benefit the the STAT engines. 

Another area In which the small size of the advance technology STAT turbines 
presents a challenge la in sialntalning minimum acceptable Interstage leakage 
with practical production tolerances. The solution selected for the STAT tur- 
bines Is the application of abrasive blade tip coatings and abradable tip seal 
coatings. 
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The turbine rcaearch prograaa recommended are: 

o Hybrid rotora 
o Coapoalce ahaftlng 
o Supercritical ahaftlng 
o Caat-ln Impingement cooling 
o Abradable coat Inga 
o Bearing fatigue life 

Hybrid Rotora 

The amall diameter of the STAT gaalfler turbine, coupled with Ita high apeed, 
nalcea Impractical the uae of aeparate turbine bladea with conventional dove- 
tail attachment* It la neceaaary to uae a hybrid turbine wheel with bladea 
caat onto a ring aa one piece, end the ring. In turn la dlffualon bonded to a 
high atrength powder metallurgy hub* 

The feaalblllty of ualng hybrid, or d\ial-property, turbine wheela In gaa tur- 
bine dealgn haa been demonatrated In aeveral prevloua programs at DDA* An 
example of auch a turbine wheel la ahown In Figure 81* 



Figure 81* - Dual-property turbine wheel with PA-101 hub and Mar-H247 

Internally caat airfoil ring* 
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In all of thaaa prtvloua prograat* ho«avar» cha alloy coiibinatlona uaad warn 
PA-101 hub and Mar-MZ47 airfolla, and llctla affort waa allocatad to bora 
load-carrying laprovaaanta* 

In tha propoaad STAT raaaareh affort* alcamata hub alloya (i«a.| tlERL76, 

AP9S, AF115) trill ba avaluatad for coapatlblllty with Mar-H247. Thaaa alloya, 
along vlch a baaallna PA-101 coapoalcion, will than ba avaluatad for poat-HIP 
bonding raaponaa. Haat traataanta with rapid cooling rataa froa tha bonding 
and alrfoll-coatlng dlffualon cycla will ba aaphaalzad* 

With aatabllahaant of prallalnary haat traat raaponaa, a alngla alloy will ba 
aalactad and haat traataanta furthar raflnad. Following aatabllahaant of a 
flxad procaaa, additional rotora will ba producad, a aachaiilcal proparty data 
baaa ganaratad, and cyclic apln taata parforaad to avaluata LCF eapabllltlaa. 
Tha raaultlng data will anabla tha aalactlon of aatarlala for tha STAT an- 
glnaa, which would provide an appreciably longer fatigue Ufa than those of 
today's gas turbine engines* 

Cast-In Inplnganant Turbina Cooling 

The saall size of tha turbine blades on the STAT anginas makes Impractical the 
use of conventional separata Impingement tubas through tha blades for tha de- 
livery of blade cooling air* The obvious solution Is to cast tha cooling air 
supply passages Into the blade as It Is cast* The technique for this process 
Is not currently available on a cost-effective basis* 

This program would explore two possible core fabrication techniques In an ef- 
fort to develop a reliable, cost-effective foundry process for producing air- 
cooled turbine airfoils with cast-ln impingement tubes: 

o Assembled core 
o Fabricated core insert 

The assembled core approach would be to inject the feed cavity core (narked A 
In Figure 82) and the collection cavity core (B in Figure 82) separately. The 
cores would then be assembled by inserting quartz rod (marked C in Figure 82) 
Into holes formed in the cores during the injection process, “gill** discharge 
holes (marked D in Figure 82), or other film cooling holes, would be formed 
with quartz rods Inserted through the wax shell prior to ceramic mold dipping* 

The fabricated core insert approach Involves the placement of an insert with 
final blade internal geometry into the core die prior to injection. The core 
material would then be injected around this insert forming a one-piece core 
with the Insert embedded within It; the core would then be processed to remove 
the Insert. Subsequent processing would then be similar to present blade ring 
fabrication. 

The principal problem anticipated for the development of cast-ln impingement 
cooling would be core fragility. Single casting trials could be made prior to 
core design In order to establish hole diameter and wall thickness constraints* 
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Figure 82* “ Scheaetlcs llluetretiug cendldete cast airfoil cooling scheaes* 


Abradable Coatings 

The raall diaaecer of the STAT eoginee presents a problea in aalntaining ac- 
ceptable interstage turbine leakage with practical production tolerances. To 
coaHt this problea, the STAT engines will use abradable surfaces on the tips 
of the turbine blades. In order to select the best aaterlal for this use and 
Che process for its application, an investigative prograa is required. 



This prograa will rssult In ths dsvslopMot of Chs Mtsrisls sod proestsss 
rsqulrod for dirsec sppliescloo of sbrssivo psrtlclos to curblns binds tips* 
ss shown in Figurs 83. Ths sbrssivs slsnonts will provids sn sugasntsd sbrsd- 
sbility espsbility for snhsncsd gss psch sssling sod iaprovsd cycls sffl- 
cisncy. A prlasry sdYsnesgs of ths dirset spplicstioo proesss is its sppli** 
csbility spd sffordsbility for sasll turbins rotors with intsgrsl blsdss. 

This eonespt has bssn tsksn sstisfsctorlly through ths proof-of-principls dsa*^ 
onstrstion stags, and rsprsssnta a dsvslopasnt sffort with rsasonabls tschni- 
cal risk. 

Coaposits SluAting 

Ths high prsssurs ratio of ths STAT soglnss dictatss high rotor spssds and 
saall angina diaastsrs, as coaparsd to currant tschnology anginas. This sit- 
uation coapounds ths problM of dssigniog shafts to transalt torqus froa ths 
powsr turbins through ths gaslfisr rotor to ths output shaft. It bscoaaa ia- 
possibls to uss convantlonal, subcritical, forgsd stssl shafts for such appli- 
cations. 

Ths bast way to ovsrcoas chs problsa appears to bs in the uss of coaposits 
shafting, such as shown In Figurs 84, which offers greatly Inproved mechanical 
properties over steel shafts. Coaposlte shafts offer payoffs In the areas of 
engine weight and complexity on the basis of having available to the designer 
the potentially high Zip (Young's Modulus to density ratio), <r/p (tensile 
stress to density ratio), and r7p (shear stress to density ratio) engineering 
prc,/erties. Before coaposlte shafts can bs successfully applied to a ewBrnsr- 
cial engine, however, the difficulty of manufacturing such a shaft with ac- 
companying biased-ply layups and end fittings, and of achieving the assumed 
high goals of engineering properties, must be overcome. 



Abrodobis cooling 


Abrasive blade tip coating 
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Figure 83. - High tempsraCurs turbine seal concept. 
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Figure 84. - Typical conposite shaft. 


This STAX technology research program provides a finite element analysis pro* 
gram capable of computing the engineering properties (E, <r. r) for leal* 

nates representative of large, metal matrix composite shafts. Sample shafts 
of this material will be fabricated and tested to verify analytical predic* 
tlons made with this progri^ii.- This verified methodology will be an essential 
tool for the design of advanced SIAT engines using conposite shafts. 

Supercritical Shafting 

If the composite shafts are not developed sufficiently by the time they are 
needed for the STAT engine program, a satisfactory alternate nay be available 
in the form of supercritical steel shafts. These shafts operate above bending 
critical speeds, as shown in Figure 85. As can be seen, the shafting is con* 
figured to operate above two bending critical speeds. Passage through the 
bending crlticals in the transient range is attained through the use of 
squeeze film dampers located at non*mode locations. 
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Figure S5* ~ Typical application of supercritical design to a power turbine 

shaft* 


This STAX technology program will use a preliminary STAX engine design and 
perform rotor dynamics analyses. Various methods for vibration control of the 
supercritical shaft will be Identified. A rig will be fabricated and tested 
to evaluate the design and verify the analytical methodology. The results of 
this program would provide a technique for the application of supercritical 
shafting to advanced STAT engines If composite shafting Is not available. 

Bearing Fatigue Life 

The high rotor speed and small diameter, which Is characteristic of advanced 
technology, high pressure ratio gas turbines such as the STAT engines, present 
a problem in designing main bearings with sufficient fatigue life and load- 
carrying capability. Significant Improvements must be made In ball bearings 
over that which Is available for today^s gas turbine engines. 

The primary contact fatigue failure site on bearing balls has been correlated 
with end grain concentrations In the polar and equatorial areas, as shown In 
Figure 86. Reports Indicate that ball life also varies with end grain area. 
End grain varies with grain flow angle relative to the surface. Also, grain 
areas may well change In size with different ball forging practices and die 
designs. The equatorial band width may vary with die design and with grind 
stock, allowance. 
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Figure 86. Failure density as a function of ball latitude. 


Thus, standard practices In the forging process and acceptance criteria are 
needed to obtain maximum ball bearing fatigue life. Fatigue testing of balls 
with varying end grain characteristics must be performed to achieve fatigue 
life improvements. 

The objectives of this STAT research program are to develop and validate meth~ 
ods of characterizing forging flow lines In bearing components, and to sub~ 
stantlate Improvements In fatigue life and load~carrylng capability. Au as~ 
sessment would be made of current forging practices for balls and races. 

" ree-dlmenslonal characterization of parts forged by various methods will be 
performed. Improved forged bearings will be fabricated, and both static tests 
and fatigue tests will be conducted to quantify the fatigue life Improvement. 

Diffusers and Combustor s 


The STAT study showed that one of the biggest factors In reducing commuter 
transport DOC was the reduction of engine fuel consumption. The advanced VCD, 
used In the STAT 3579 kW (4800 shp) engine, offers a significant reduction In 
pressure drop and at the same time a reduction In engine length and weight. 
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Tha STAI eoglaes incorporate combuators fabricated froa Lamilloy» a DM^daval'* 
oped, tranapiration<-coolad atructural natarial* The uaa of Lanilloy coBbaa* 
tore haa proven banafita in the araaa of cooling air reduction and conbuator 
outlet taaparatura pattern profile* There is a need to reduce the coat of 
fabrication of Laailloy natarial, aa well aa to aiaplify conbuator conatruc- 
tion techniquee, for this natarial to achieve its full potential for conner- 
cial engine production* 

The atate^of-tha-art advancea being aade in propellera and propfana will re- 
ault in ouch lower propulaor noiae generation in the STAT tranaporta* It ia 
eaaential that the STAT engine core noiae signature be reduced below that of 
current technology engines in order to stay below that of the propulsora* 

The diffuser and conbuator research programs reconmeoded are: 

o Vortex-controlled diffuser 
o Transpiration-cooled combustor 

Vortex Controlled Diffuser 


The STAT engines must achieve significantly lower fuel consumption than cur- 
rent technology engines* A VCD offers an appreciable improvement in this area 
but requires further development to ensure the potential gain* 

This STAT research effort is aimed at providing needed technical Information 
to assist in the application of the VCD technology to diffuser-combustor sys- 
tems of advanced ST^T engines. The VCD concept features a trapped standing 
vortex to achieve lev pressure loss diffusion in a short length. In order to 
apply the advanced technology of the VCD concept to future engine designs, it 
is necessary to investigate and identify the geometric parameters important to 
system performance. Because of the separated flow nature of the VCD system, 
analytical modeling of the diffusion process requires elliptic Navier-Stokes 
numerical schemes, which are in the development stage and require experimental 
data for verification and improvement. 

The proposed research effort will consist of an empirical program to obtain 
critical design information concerning the Influence of selected geometric 
parameters upon VCD system performance. Results from the test program will be 
compared to analytical model results, and where discrepancies exist, the model 
will be improved, the payoffs from this effort will Include improved diffuser 
system performance, reduced diffuser system length, reduced development and 
manufacturing costs, and improved analytical tools for future design of the 
STAT engines. 

Transpiration-Cooled Combustor 

One factor in achieving a low acquisition cost for the STAT engines, and in 
obtaining longer engine life through a more uniform RIT profile, is in the use 
of Lamilloy (transpiration-cooled material sho%m in Figure 87) combustors. 

The benefits of using Lamilloy for combustor walls have been proved on several 
Allison gas turbine engines. For this material to be used in commercial en- 
gine production, however, it is essential that the cost of fabricating the 
sheets of Lamilloy material be reduced. 
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Figure 87. - Lamilloy construction. 


This STAT research program would reduce fabrication costs of the Lamilloy ma- 
terial without sacrifice of quality. An expected reduction of 25% in labor is 
projected with improvements in etching, hole production, sheet cleaning, and 
bonding procedures. An added improvement would be increased sheet size from 
25.4 X 63.5 cm (10 x 25 in.) to 61.0 x 91.5 cm (24 x 36 in.), thus eliminating 
welds and details in combustor assembly. 

Lamilloy combustors are fabricated by forming and joining flat Lamilloy 
sheets. This additional STAT research program will improve combustor durabil- 
ity, and thereby increase STAT engine life, through assembly improvements. 
These improvements will be made in the areas of welding (to produce a narrow 
bead), forming (to reduce flow restriction), and nondestructive testing meth- 
ods. These faorication improvements wil] produce lower stress and temperature 
values in joints and at radii. 

Engine Accessories 

The STAT studies gave a clear indication that the two major areas, wherein 
engine improvements would be most beneficial to reducing commuter aircraft 
DOC, were in reduction of fuel consumption and maintenance cost. With regard 
to lowering turboprop maintenance costs, an area with great potential is in 
the application of an all-electronic fuel control system integrated with an 
engine condition monitoring system permitting full on-condition maintenance. 
Three areas requiring state-of-the-art advances for the practical application 
of such a system to STAT engines are: 
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o Electronic control for advanced, variable geometry, ;urboprop engine 
o Fuel pumping and metering eyatem 

o Syetem Integration of electronic control, fuel pump and metering system, 
condition monitoring system, and propeller/ propf an control 

The engine accessories research programs recommended are: 

o Electronic control 
o Fuel pumping and metering system 
o Engine condition monitoring 

Electronic Control 


To meet the STAT program goal of a significant reduction In maintenance cost 
over current technology engines, an advanced, f ull^authorlty , digital elec~ 
tronlc fuel control system is a must. Such an Integrated control system, as 
shown In Figure 88, would provide for constant optimum operation of the engine 
and propeller plus provide condition monitoring of both. 

The proposed STAT research program is the first step In a total control devel- 
opment program. It Is structured to address the advance turboprop require- 
ments associated with failure modes, manual control, and total system Integra- 
tion, Including the engine condition monitoring system. 

Fuel Pump and Metering System 

An all-systems integrated, electronic control system is mandatory on STAT en- 
gines to achieve the low maintenance cost and high reliability desired. The 
objective of this STAT technology research effort Is the design and partial 
development of an advanced fuel pump and metering system specifically suited 
for use in a full-authority digital electronic control system. 

In order to realize maximum benefits in performance improvements, while reduc- 
ing overall system cost, reducing weight, and improving reliability, the fuel 
handling portions of the system must have design features and characteristics 
fully compatible with the overall system requirements. 

DDA is currently evaluating five new fuel pump and metering system concepts 
specifically configured for use In future applications such as the STAT en- 
gines. This current program, funded under Contract NAS3-22046, has defined 
the requirements for such a fuel-handling system and developed possible ap- 
proaches for tradeoff studies. These studies define the following factors for 
making a comparative asaessment of the candidate systems: 

o Reliability 
o Cost 

o Weight and size 
o Maintainability 
o Performance 
o Back-up operation 
o Development risk 
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Figure 88. - Advanced turboprop propulsion control system. 


From these assessments, a system is to be selected and a preliminary design 
developed. The recommended STAT research program would be a direct follow-on 
to this currently funded work to proceed with hardware development and proof 
tests. 

This STAT program would Include the detailed design of an advanced fuel pump 
and metering system. Fabrication of hardware and bench testing would be per- 
formed to determine performance capabilities. After bench evaluation, the 
system would be evaluated on a Model 250 gas turbine engine during test stand 
operation, and would be tested in conjunction with an existing full-authority 
digital electronic controller. 


162 



Flight testing of the totsl system model on a 250 engine would be performed to 
evaluate the dyna^c performance under the actual aircraft operating environ* 
ment* 

Engine Condition Monltorlna 

The STAI commuter aircraft requirements for propulsion, high reliability, and 
low maintenance cost would be met In part by the complete Integration of an 
engine condition monitoring system with the engines' basic electronic fuel and 
prop control systems* 

This STaT engine condition monitoring program will develop Improved methodolo* 
gles In order to support total on*condltlon maintenance concepts* An engine 
condition monitoring system, such as that shown In Figure 89, «rlll continuous* 
ly monitor all engine and propeller operation to determine engine life usage, 
and to provide maintenance directives and safety warnings. Life usage based 
on actual operation permits vastly Improved usable life within acceptable risk 
limits. Automatic maintenance directives result In timely repairs, while re* 
ducing unrequired maintenance activity* Accurate safety warnings lower the 
risk of aircraft operation* 

In particular, this program will develop and demonstrate Improved techniques 
relative to: 

o Mechanical LCF accounting 
o Turbine thermal stress analysis 
o Performance degradation analysis 

LCF and turbine thermal stress analysis enable part*life prediction to be 
based on actual usage rather than worst*case time estimates* This feature 
permits safely running parts nearer their theoretical life, and therefore 
greatly Improving service life. Performance degradation analysis complesients 
the true on*condltlon maintenance philosophy. 

The techniques resulting from this STAT research program will enable Incorpo* 
ration of an on*condltlon moaI.torlng system for the next generation STAT en* 
glnes. 

Noise Reduction 


Compressor Noise Reduction 

High cycle pressure ratio advanced gas turbine engines use high speed compres* 
sors, such as shown in Figure 90, with supersonic blade tip velocities. The 
resulting multiple pure*tone (MPT) generation would add significantly to the 
noise signature of the STAT commuter aircraft equipped with a propf&a or ad* 
vanced, low noise propeller. This effect Is expected to be particularly acute 
during approach, when propeller thrust Is low* 
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Figure 89. - STAT 


This proposed STAT research program will validate the theory that leading edg 
sweep materially reduces the effective Mach number at that location, and 
thereby reduces the noise generated. This theory can be proven by test of 
either an axial or centrifugal compressor. An existing single-stage centrifu 
gal compressor rig will be used for this research program. The inducer will 
be redesigned to provide leading edge sweep and used to fabricate a test unit 
A test will be conducted of both original and modified configurations. 
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Figure 90* - Typical advanced high pressure ratio compressor. 

The results of this test should verify the theory In question and provide a 
data base for designing advanced gas turbine compressors without MPT noise 
generation. 

Combustion Noise iteductlon 

Combustlon~generated noise (see Figure 91) usually referred to as "core" 
noise, has been a limiting factor In achieving large turbofan noise reductions 
In the low thrust approach condition where jet and fan noise are lowest. For 
many turboshaft engines, the combustor Is the dominant noise generator, and 
combustion noise represents the major portion of the total sound power radl* 
ated afc both high and low power settings. Engine noise has generally been 
assigned a minor role In assessing noise generated by turboshaft propulsion 
systems because of the obvious high level harmonic noise generated by propel^ 
lers and rotors, and the difficulty in separating engine/propeller/ rotor broad 
band noise. Studies at DDA Indicate that the contribution of engine combus'* 
tlon noise Is not minor, and In fact, laay be a major obstacle to designing new 
turboprop transport aircraft to meet certification noise requirements. This 
will be particularly true for the STAT transports where advanced propulsors 
are being developed with very low noise signatures. 



Th« rccoonendcd STAX rttMareh program addraaaaa tha problam of low noiaa com* 
bustor davalopmant • A Modal 250 angiaa will ba taatad to dacarmlna Ita noiaa 
signatura in combination with aalact parformanca charactariatica* An analyaia 
of thia data would ba mada, and combuator daaign modificationa formulatad for 
raduced noiaa ganaration* Thaaa daaign modificationa would ba taatad on a 
Modal 250 combuator rig to obtain corralating axparimantal data* Tha optimum 
combuator configuration would ba taatad on a Modal 250 angina to varlfy tha 
raducad noiaa algnatura* 

Tha information gainad from thia STAT raaaarch program would anhanca tha abil* 
ity to daaign advancad gaa turbina anginas with lowar noiaa combustors* 
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Raduction flaars 


Tha natal matri:;!; composita matarials now availabla for tha raduction gaar and 
othar major angina castings, offar significant gains in waight raduction whila 
providing incraasad tharmal stability and graatar rigidity* Bafora thasa ma* 
tarials can ba usad advantagaously in tha STAT anginas, howavar, much Informs** 
tlon is raquired relative to their material properties and nachlnabillty* The 
reduction gear research program recommended concerns the use of composite gear 
cases* 

Composite Gear Cases 

One way to reduce the DOC of STAT engines Is to lower their weight, compared 
irlth current technology engines* A considerable weight reduction potential 
exists in the use of new metal matrix composite materials for the reduction 
gear cases as shown in Figure 92* Composite gear cases will also provide 
greater rigidity and Increased thermal stability for the reduction gear as** 
sembUes* 

In this STAT research program, DDA would investigate two metal matrix compo** 
slte materials for this application: SIC whiskers in magnesium or aluminum 

castings, and chopped polycrystalline alumina (FF) fibers In oiagneslum or alu** 
mluum castings* 

In order to use this material In the design of the STAT engines, material 
characterization of each composite must be performed* Mechanical properties 
must be determined, including stiffness, strength, thermal coefficient, LCF, 
HCF, and corrosion resistance* Also, the machlnabillty of the new materials 
must be determined in order to successfully fabricate the advanced engine 
gearboxes* Machining characteristics such as turning, boring, threading, 
etc*, will be evaluated using test specimens* 

EXPERIMENTAL ENCINE PROGRAM 

Full-scale development of a STAT engine i' viewed as a commercial risk venture 
dictated by market requirements* Technical and economic decisions are re** 
qulred to establish engine size* Such Items as passenger load, unrefueled 
range with reserves, flight speed, cruise altitude, and field length strongly 
Impact engine size* The R&O programs recommended will provide design data to 
penalt selecting the proper components and arrangement for the size ultimately 
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required* Technology neede can someclmes be developed in larger sizes: hofr* 
ever, it is generally recognized that risk is reduced appreciably if suitably 
constructed experiownts can be accomplished in the size and environment of an 
appropriately sized experimental engine* 

Such an experimental engine program would also offer an unparalleled opportune 
Ity to test unique technology features and systems being newly incorporated in 
the STAT engines* An example of this would be the active turbine clearance 
control system described in the subsection entitled, ’‘Configuration Trades*” 

In this instance, the technology for such a system exists now, but the mechan- 
ical integration is best accomplished on an experimental engine prior to full 
commercial development* 

Table LXX lists the 21 STAT technology research programs recoomended to NASA 
as a result of this study effort* This table indicates 10 research programs 
which would benefit from the experimental engine program, since Che applicable 
technologies are best developed on the unity size engine* 

Upon completion of basic R&O programs of the type described in the previous 
section of this report, it %rill then be feasible to conduct an experimental 
STAT engine program* The results of this program will provide assurance chat 
full commercial development of the STAT en^ne may be initiated within an ac- 
ceptable risk* 
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TABLE LXX. - RECOMHENDBO STAT TECHNOLOCY PROSKAMS 


TkWiwIw ftmrtw itw 

CoilpftttOff 

Nybfi4 CMtrlfuM) CQnprttMf X 

CoB^mtor trvtUn ^mactlofi 

Ifiltt ^rtlcU Mparturt X 

CM^ntiof fioftt rtductlon X 

Axf«1 cmrittof Aft itiff itti^ X 

C«fttr1fy9i1 cai^fi«tor*«4iBfKH hlgii Nife/tlp X 

Rotor/c«M rttpoDM to routing sull 

Turbintt 

Hybrid rotors X 

Cm*1o lapIngOMfit cooling X 

Abfidablo coatings X 


01 f fttsors-coBbostors 

Vorttx*contro11od diffusor 
Tfonsplrotlon^ooltd conbostor-sbott fib4 
Tfinsplrotlon-cooltd coibustor^fob* 
Coabiistor nolso roductlon 


Seal obit C sm t nt 


CtfitrlfMgal laptlltr ustd only in sMall tnginos 

Sngint iltt rtUtod to probloB 

SI to and Mgb spttd nUtoo to problto 

Aft stagt blading slat critical 

Cantrifygal li^onar ystd only In small onglnas 


Usod In small anginas only and slat It critical 
Problam/solytlon occyrs In small ilaa only 
NiAimal claarancas ralata to smaU oUoas 


X 

X 

X 

X 


Stnictiift and sbaftlng 
Composita gaar casts 
Compositt sbaftlng 
Staring fatigiia lift 
SuparcHtlcaf shafting 

Engint systtms 

Elactronlc control 

Futi pynp and motoring systam 

Engint condition monitoring 


X 

X largo angina shafts ust difftrtnt composita 

X 

X AppHcabla to high spate onlyt dampars slat critical 


X 

X 
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The basic elements and timing of such an experimental engine program are shown 
In Figure 93* After sir months of design effort, s "long lesd time" release 
of selected engine hard\rare will be made* The full detailed release of all 
hardware will be achieved nine months from go-ahead* 


Three serialized test engines would be built for this program, with Che first 
delivered In 22 months* Three equivalent engine's worth of spare parts would 
be fabricated to support the component and engine test programs* 


The component development required for this experimental engine program would 
entail three basic types of rig operation* A full~scale combustor rig program 
would be Initiated 10 months from go-ahead. The combustor testing would x'jt 
quire approximately 50 hours of rig time, end would cover cold flow aeredynam” 
Ic and pressure drop tests and burning tests of the following types: 

o Thermal paint (metal temperatures) 
o Sea level and altitude relight characteristics 
o Fuel distribution 
o Power calibration 

Approximately 100 hours of compressor rig tests would be conducted to deter- 
mine aerodynamic performance In terms of airflow, pressure ratio, and effi- 
ciency, as well as Interstage data to define the operating characteristics of 
each Individual stage* 
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Figure 93* “ STAI experlnentel engine schedule* 


The reduction geer esseably would be tested on e beclc~to**beck rig, wf* .h is 
cepeble of siauleting full*~design torque at rated speed* Approxinately 200 
hours of testing will be conducted to determine gear profile characteristics, 
lubrication capability, and structural stability of the gearbox* 

The engine testing consists of three types: gas producer, power section, and 

full engine* The gas producer tests would provide the initial performance 
verification of the HP turbine. The power turbine performance would be deter** 
mined from the power section tests* The power section tests would be con* 
ducted on a dynamometer to provide full power absorption and checkout of all 
mechanical and lube systems* The engine testing would be conducted on a prop 
stand to provide for complete fuel and control system checkout* A total of 
200 hours would be accumulated during these tests* 

This program, with a parallel prop fan program and aircraft studies, will pro- 
vide the basis for launching an integrated demonstration effort, which would 
then be followed by a commercial aircraft system development program* 
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CONCLUSIONS 


STAT atudl** «how that the largest iaprovaaant in cooautar aircraft OOC, aa 
influaocad by angina charaetarittiea, ia achiavad through raducad fual con* 
auaption and raducad aaintananca coat* A lOX raduction ia sfc raaulta in 3*5 
to 4. OX raduction in OOC for tha aircraft uaad in thaaa atudiaa whan fual ia 
pricad at 10.264/L (ll. 00/gal}* A 10% raduction in aaintananca coat waa found 
to ba worth 1*0 to 1*3Z in DOC* 

Fual cenauaption can ba raducad through iaprovad tharaodynaaic cycla affi* 
ciancy* A coapraaor praaaura ratio of approxiaataly 20:1, and an RIT naar 
1506 K (2250*F), appaara to ba baat for ainiaua DOC* 

Coapraaaora cboaan for STAT anginas faatura slngla**spool configurations with a 
raducad nuabar of stagas and raducad blada count, coaparad to currant tach* 
nology anginaa* Coaprassor*ralatad rasaarch programs racoaaandad for tachnol* 
ogy davalopaant includa: 

o Hybrid cantrifugal coaprassor iapaller 
o Coaprassor arosion protaction 
o Inlat particle saparators 
o Coaprassor noisa raduction 
o Axial coaprassor aft staga study 

o Cantrifugal coaprasaor advanced high hub/tip ratio study 

Hybrid turbine wheels are naadad with greatly increased bora load capability* 
Coaposita shafting with increased stiffness is required to panic subcrltical 
operation with siapla*rotor support* Dynamic problems associated with rotor/ 
case response to coaprassor rotating stall must ba understood to optimize coa* 
pressor vane and blade tip clearance and ensure structural rigidity* Inter* 
stage and blade tip seal develupaent oust be continued if desired turbine af* 
ficlancy levels are to ba attained* Turbina, bearing, shafting, and dynamics 
research programs racomaanded for technology development Include tha following: 

o Hybrid rotors 

o Ca st-ln iapingemant cooling 

o Abradable coatings 

o Composite shafting 

o Bearing fatigue life 

o Botor/casa response to rotating stall 

Fual system aalntansnca is a major contri^tor to problems in achieving con* 
sistent engine availability, and Is also a significant cost factor* Tha alec* 
ironic control system concept offers the potential of solid improvement in 
reliability and maintainability, as wall as interfacing with an on*condltion 
mslntansiica data system to predict timely aaintananca actions* 

Maintansnea costs can ba reduced by incorporating on*coodition aaintananca, 
iaprovad nodularity, improved reliability and aalntainability, and an effi* 
dent maintansnea maiwgeaent systea using engine condition*monitoring data for 
key input* 
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R&D programs recommended in this area Include: 


o Electronic control 
o Fuel pump and metering system 

o Engine condition monitoring 


Incorporation of the technology advances recommended for the STAX engine will 
result In the following Improvement In engine characteristics referred to the 
current technology base used In the study: 


Power size, kW (shp) 
sfc— X 
Welght—X 
Prlce—Z 

Maintenance cost — X 
Envelope length—Z 


1790 (2400) 

-16.8 

- 12.6 

-18.9 

-56.1 

-21.3 


3579 (4800) 

-19.0 

-25.3 

-16.4 

-62.0 

-16.7 


Achieving these improvements will result In significant fuel savings and re- 
duction In DOC compared with the current technology base, as shown below: 


Aircraft 

Fuel consumption— Z 
DOC*— Z 

Total cost of ownership*—! 


low speed 
-19.6 
-13.6 
-10.9 


High speed 

- 22.8 

-16.2 

-13.3 


*$0.396/L (il.50/gal) 
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LIST OF ABRZVUTIONS AMD SYMBOLS 


Syabol 

AFSC 

A 

A-C 

ATE 

AEO 

AR 

ATA 

ALT 

An2 

APWT 

AP 

ATEOO 

BOT 

Burner AP 
BSFC 

CPR 

*CTE' 

CTE 

CF 

Cp 

Cent 

DOC 

DDA 

dB 

Dp 

DTE 

EAS 

EFH 

E 

ESFC 

EPNL 

E/p 

Ep 

EPMdB 

EMDP 

Fnet 

Ftot 

FOD 

FAR 

FW 

F 

FC 


Meanlog 

Airframe specific cost 
Axial 

Axlal^centrlfugal 
Advanced technology engine 
All engines operative 
Aspect ratio 
Area vetted (aircraft) 

Air Transport Association 
Altitude 

Blade stress parameter 
Airframe weights 
Adjustment factor 

Advance turbine engine gas generator 

Burner outlet temperature 
Combustion pressure drop 
Brake specific fuel consumption 

Compressor pressure ratio 

Current technology engine (without inherited learning) 
Current technology engine (with Inherited learning) 
Conversion factor 
Coefficient of drag 
Centrifugal 

Direct operating cost 
Detroit Diesel Allison 
Decibel 

Diameter (propeller) 

Derivative technology engine 

Equivalent airspeed 
Engine flight hour 
Young's modulus 

Equivalent specific fuel consumption 
Effective perceived noise level 
E/rho (Young's modulus-to-denslty ratio) 

Engine power 

Effective perceived nolse^declbels 
Engine model derivative program 

Met Jet thrust 
Total engine thrust 
Foreign object damage 
Federal Aviation Regulation 
Finished weight 
Fahrenheit 
Fixed costs 
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Symbol 


Moaning 


gal Gallon 

GE Ganaral Elactric 

GBL Gearbox loaa 

GB Gearbox 

2 

gJAh/U Turbine average stage loading 


HIP 

HLH 

HP 

HPT 

HCF 

h 


Hot isostatic press 
Heavy lift helicopter 
High pressure 
High pressure turbine 
High cycle fatigue 
Hour(s) 


IOC 

IFR 

IAS 

Imp 

Ic 

ID 

IPS 


Initial operation capability 

Instrument flight rules 

Indicated air speed 

Impingement 

Index of cost 

Inside diameter 

Inertial particle separator 


KIAS Knots indicated air speed 

K Kelvin 


L 

LCC 

L/D 

LCF 

LP 

LPT 

LD 


Litre 

Locknee>‘ California Company 
Life/drag (ratio) 

Low cycle fatigue 
Low pressure 
Low pressure turbine 
Blade~to-*blade shroud loading 


Mach number 

MPA ■’ Maritime partrol aircraft 

M£g Manufacturing 

MIF Materials index factor 

MTBF Meantime between failures 

MTBR Meantime between removals 

MPT Multiple pure tone 


NA 

NTS 

MPR 

N/VT 

NpT 

NGGT 

M 

Ns 

OASPL 

oew 

OEM 

OEI 

OD 


Not available 

Negative torque signal 

Nozzle pressure ratio 

Corrected rotational speed 

Power turbine rotational speed 

Gas generator turbine rotational speed 

Rotational speed 

Specific speed 

Overall sound pressure level 
Operating empty weight 
Original equipment manufacturer 
One engine inoperative 
Outside diameter 
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PC procuremsat coats 

PPFRT Prototype preliminary flight rating teat 

PAX Passenger 

PS Pover section 

P&W Pratt and Whitney 

PRR Premature removal rata 

P^ Power extracted 


RIT 

^comp 

Rc 

Rb 

R&O 


Rotor Inlet temperature (turbine) 
Compressor pressure ratio 
Compression ratio 
Radius of bore (wheel) 

Radius of outer diameter (shaft) 
Research and development 


sfc-un 

sf c 

SLSS 

SF 

SLS 

SLTO 

shp 

shp**un 

snm 

sign 


Specific fuel consumption (uninstalled) 

Specific fuel consumption 

Sea level static, standard day 

Scale factor 

Sea level static 

Sea level takeoff 

Shaft horsepower 

Shaft horsepower (uninstalled) 

Seat nautical mile 
Seat kilometer 


TOGW 

TCO 

TAG 

Tl 

Tc 

TBO 

TO 

"^sfc 


Takeoff gross weight 

Total cost of ownership 

Total aircraft cost (flyaway price) 

Titanium 

Temperature of cooling air 
Time between overhaul 
Takeoff 

Thrust specific fuel consumption 


U Utilization (rate) 

Tip tangentrlal velocity 
Ut/VF Corrected tip speed 


VB Block velocity 

VCD Vortex controlled diffuser 

V/STOL Vertical/short takeoff and landing 

w4fS Corrected airflow 

Vf. Cooling airflow 

Un Airflow 

Wf Fuelflsw 
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Greek Alphabet 


V 



<r 

T 


AP/P^jurn 

Ah/ffcr 

VT~T 

S/p 

Vp 


Eta (efficiency) 

Propeller efficiency 
Sigma (tensil strength) 

Tau (shear strength) 

Combustor pressure drop 
Stage equivalent work 
Total'-to^total adiabatic efficiency 
Rho (weight density) 

Tensile stress-to~density ratio 
Sheer stress~to'*density ratio 
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